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ABSTRACT 

REPORT MDC E0298 
12 FEBRUARY 1977 

This r e p o r t  desc r ibes  the  prel iminary design e f f o r t  (Subtask B) of a study t o  

d e f i n e  t h e  most a t t ract ive high p res su re ,  oxygen/hydrogen a u x i l i a r y  propuls ion sub- 

system ( A P S )  f o r  NASA space s h u t t l e  booster  and o r b i t e r s .  The study w a s  performed 

f o r  t h e  Nat ional  Aeronautics and Space Administration, Marshall  Space F l i g h t  Center 

(MSFC), Huntsv i l l e ,  Alabama under Contract No. NAS8-26248. 

The s tudy program w a s  divided i n t o  two phases. The f irst ,  Subtask A, was a 

conceptual subsystem d e f i n i t i o n  phase t o  i d e n t i f y  A P S  concepts b e s t  s u i t e d  t o  each 

of t h e  two b a s e l i n e  s h u t t l e  boos t e r  and o r b i t e r  v e h i c l e s .  *The second, Subtask B ,  

(descr ibed i n  t h i s  r e p o r t )  w a s  a prel iminary design of t h e  s e l e c t e d  subsystem t o  

e s t a b l i s h  a more in-depth understanding of subsystem design and oDeration. 

The APS s e l e c t e d  f o r  a l l  v e h i c l e s  u t i l i z e d  a turbopump subassembly t o  provide 

t h e  p re s su re  required f o r  subsystem operat ion.  I n  t h i s  concept,  hydrogen and oxy- 

gen p r o p e l l a n t s  are s to red  as cryogenic l i q u i d s  and suppl ied t o  t h e  subsystem by 

turbopumps and temperature conditioned i n  reburn h e a t  exchangers. 

products  from gas  gene ra to r s  are used i n  t u r b i n e s  t o  power t h e  turbopumps. 

gas from t h e  t u r b i n e s  are routed t o  h e a t  exchangers where a d d i t i o n a l  oxygen i s  

added and t h e  mixture  reburned t o  provide t h e  energy f o r  p r o p e l l a n t  condi t ioning.  

Resul tant  conditioned p r o p e l l a n t s  are s t o r e d  i n  accumulators u n t i l  they are required 

f o r  APS t h r u s t e r  usage. 

Combustion 

Exhaust 

The o b j e c t i v e  of Subtask B was to e s t a b l i s h  t h e  prel iminary design f o r  t h e  

turbopump APS. Th i s  r e p o r t  desc r ibes  t h e  s tudy e f f o r t ;  provides a d e f i n i t i o n  of 

subsystem ope ra t ing  and performance c h a r a c t e r i s t i c s ,  component and assembly designs,  

i n s t a l l a t i o n  f e a t u r e s ,  weight,and r e l i a b i l i t y  estimates; and eva lua te s  c r i t i c a l  

technology. 
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Development of t h e  NASA space s h u t t l e  v e h i c l e  system f o r  f u t u r e  manned space 

ope ra t ions  r e q u i r e s  development of a number of subsystems which are e i t h e r  new o r  

s i g n i f i c a n t  extensions of s ta te-of- the-ar t  technology. Among t h e s e  is  t h e  a u x i l i a r y  

propuls ion subsystem ( A P S )  used f o r  c o n t r o l  and maneuvering of t h e  s h u t t l e  vehic le  

a f t e r  main engine cut-off ,  The magnitude of t h e  APS c o n t r o l  requirements f a r  exceed 

those of previous space v e h i c l e s .  To provide a high performance A P S  and, add i t iona l -  

l y ,  t o  t ake  advantage of b e n e f i t s  which can be  der ived from p rope l l an t  l o g i s t i c s ,  

s a f e t y ,  reuse,  and performance, a gaseous hydrogen/oxygen a u x i l i a r y  propuls ion 

subsystem w a s  i d e n t i f i e d  as t h e  most d e s i r a b l e  type of subsystem. 

There are two b a s i c  means of implementing such an APS: 

(1) a high p res su re  APS, i n  which p r o p e l l a n t s  are s to red  a t ,  o r  conditioned 

t o ,  t h e  most d e s i r a b l e  t h r u s t e r  ope ra t ing  p res su res  

(2) a low p res su re  APS, i n  which p r o p e l l a n t s  are  suppl ied t o  t h e  c o n t r o l  

t h r u s t e r s  from t h e  main engine p rope l l an t  tanks a t  normal u l l a g e  p re s su re .  

Within these  broad c a t e g o r i e s  many APS op t ions  are a v a i l a b l e .  

of p r o p e l l a n t s ,  condi t ioning assembly design,  i n t e g r a t i o n  with o the r  propuls ion 

subsystems, and t h e  exact  mode of A P S  mission usage can be implemented i n  va r ious  

ways. 

Typical ly ,  s to rage  

Each b a s i c  APS category and i t s  a l t e r n a t e  implementation scheme o f f e r s  d i f f e r -  

e n t  advantages and s u f f e r s  d i f f e r e n t  disadvantages i n  terms of subsystem performance 

and t h e  r e q u i s i t e  technology developments. Thus, s e l e c t i o n  of t h e  APS f o r  the 

s h u t t l e  and d e f i n i t i o n  of t h e  advanced technology necessary f o r  APS development 

required in-depth s t u d i e s  t o  s e l e c t  t h e  t y p e  of APS b e s t  s u i t e d  t o  s h u t t l e  require-  

ments and t o  i d e n t i f y  t h e  advanced technology e f f o r t  required f o r  development of 

t h e  A P S .  

To f u l f i l l  t h i s  need, NASA contracted f o r  A P S  d e f i n i t i o n  s t u d i e s  of both h i g h  

and low p res su re  APS. These s t u d i e s  w e r e  divided i n t o  two phases. The f i r s t  
phase, Subtask A, w a s  a conceptual subsystem d e f i n i t i o n  t o  provide NASA with suf- 

f i c i e n t  d a t a  f o r  s e l e c t i o n  of t h e  b e s t  means of APS implementation i n  t h e  high and 

low p res su re  c a t e g o r i e s .  The second phase, Subtask B ,  w a s  a prel iminary design of 

t h e  p a r t i c u l a r  concept(s)  s e l e c t e d  i n  each b a s i c  APS category.  

APS study was conducted by McDonnell Douglas Astronaut ics  Company - East under 

The high p res su re  
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Contract No. NAS8-26248. The Aerojet  Liquid Rocket Company, under subcont rac t  t o  

FIDAC-East, provided ana lyses  and des ign  support  necessary t o  d e f i n e  t h e  a c t i v e  com- 

ponents f o r  APS eva lua t ion .  NASA t echn ica l  d i r e c t i o n  f o r  t h i s  e f f o r t  was provided 

by t h e  NASA Marshall  Space F l i g h t  Center (MSFC) a t  Huntsvil.le, Aiabana, through the  

o f f i c e  of M r .  John McCarty, Deputy Chief ,  Propuls ion and Power Branch of t h e  

Ast ronaut ics  Laboratory.  
The problem addressed i n  t h e  h igh  p res su re  APS study Subtask A w a s  t o  provide 

s u f f i c i e n t  comparative da t a  on t h e  va r ious  A P S  concepts t o  a l low s e l e c t i o n  of t h e  

b e s t  high p res su re  approach f o r  Subtask B pre l iminary  design.  This  requi red  con- 

s i d e r a t i o n  of a l a r g e  number of high p res su re  APS concepts.  For t h i s  phase of 

s tudy,  t h e  predominant concern w a s  t h e  re la t ive  m e r i t  of va r ious  APS concepts ,  

r a t h e r  than  t h e i r  abso lu t e  performance levels.  Component and assembly opt imiza t ions ,  

w i th in  a given subsystem concept,  were l imi t ed  t o  those  areas which could p o t e n t i a l -  

l y  impact subsystem s e l e c t i o n .  Thus, f i n a l  d a t a  r e s u l t i n g  from t h i s  s tudy  phase 

could no t  be  considered as r e p r e s e n t a t i v e  of a r e f i n e d  abso lu te  performance leve l  

f o r  any p a r t i c u l a r  subsystem. 

second phase of s tudy ,  which provided component op t imiza t ions  f o r  t h e  s e l e c t e d  APS 

concept.  Resu l t s  of f i r s t  phase (conceptual subsystem d e f i n i t i o n )  of t h e  high 

p res su re  APS study are summarized i n  Reference ( a ) .  

That aspec t  of des ign  w a s  p roper ly  t h e  r e s u l t  of t h e  

Subtask B w a s  i n i t i a t e d  using A P S  concepts def ined i n  Subtask A. Vehicles 

considered f o r  t h e  Subtask B APS i n s t a l l a t i o n  were Orb i t e r  B ,  O r b i t e r  C y  and t h e  

Booster def ined  i n  Reference (b). Studies  were performed t o  determine t h r u s t e r  

arrangement and t h r u s t  level  which would b e s t  meet maneuvering requirements and 

s t i l l  provide t h e  minimum weight conf igura t ion .  

such as no hea t  s h i e l d  pene t r a t ion  by t h r u s t e r s  during r een t ry ,  and a common t h r u s t e r  

f o r  o r b i t e r s  and boos ter .  In-depth component and assembly t r a d e  s t u d i e s  and des ign  

ana lyses  w e r e  conducted t o  d e f i n e  t h e  recommended b a s e l i n e  APS. The f i n a l  b a s e l i n e  

APS i n s t a l l a t i o n  and pre l iminary  des ign  inc luding  component d e f i n i t i o n  w a s  then  

accomplished. 

Handbook, d e f i n e s  i n  d e t a i l  the pre l iminary  des ign ,  opera t ing  performance, and weight 

s e n s i t i v i t i e s  f o r  t h e  s e l e c t e d  A P S .  

Other c r i t e r i a  were accounted f o r ,  

Reference ( c ) ,  Space S h u t t l e  High P res su re  APS D e f i n i t i o n  Study 

This  r e p o r t  p re sen t s  r e s u l t s  of Subtask B pre l iminary  des ign  e f f o r t .  The body 

of t h e  r e p o r t  p r e s e n t s  a b r i e f  overview of t h e  va r ious  s t u d i e s  and t h e i r  r e s u l t s .  

Included are a summary of t h e  s tudy  approach and APS requirements ,  a d e s c r i p t i o n  of 

t h e  APS, a d i scuss ion  of t h e  a l ternat ives  considered f o r  t h e  d i f f e r e n t  A P S  assem- 

b l i e s ,  and a n  APS des ign  summary. This i s  followed by appendices which provide 

a d d i t i o n a l  d e t a i l  f o r  t h e  va r ious  s t u d i e s  and ana lyses  lead ing  t o  t h e  s e l e c t e d  design.  
1-2 
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The o v e r a l l  study approach, as descr ibed previously,  w a s  conducted i n  two phases,  

def ined as Subtask A and Subtask B. Reference (d) provides  a d e t a i l e d  program p lan  

f o r  t h e  complete s tudy,  and de f ines  t h e  o b j e c t i v e  of each t a s k .  During Subtask A ,  

preliminary screening of t h e  many A P S  concepts w a s  conducted. APS concepts re- 

s i l t i n g  from t h i s  screening w e r e  t hen  evaluated i n  more d e t a i l  t o  e s t a b l i s h  concepts 

b e s t  s u i t e d  t o  each s h u t t l e  configurat ion.  A turbopump A P S  w a s  s e l e c t e d  as t h e  

b e s t  approach f o r  both o r b i t e r s  and t h e  boos te r .  

i-nvolved a prel iminary design of t h e  turbopump APS concept,  conducted t o  d e f i n e  ( i n  

d e t a i l )  component and assembly design, ope ra t ion  and performance, and r e s u l t i n g  

APS performance. 

this study phase. The b a s i c  approach taken w a s  t o :  

The Subtask B p o r t i o n  of t h e  s tudy 

Figure 2 . 1  p re sen t s  a t a s k  flow c h a r t  i l l u s t r a t i n g  e f f o r t  during 

(1) update t h e  b a s e l i n e  APS design p o i n t s  t o  r e f l e c t  r e v i s i o n s  i n  t h e  v e h i c l e  

requirements 

( 2 )  conduct component and assembly s t u d i e s ,  using t h e  updated A P S  design 

p o i n t s  and component requirements 

( 3 )  r e f i n e  t h e  APS design,  and select b a s e l i n e  component designs b e s t  s u i t e d  

t o  t h e  APS.  

Posu l t s  of t h e s e  analyses  and of t h e  component s t u d i e s  were then used t o  revise and 

ucdate APS schematics and b a s e l i n e  design p o i n t .  The r e s u l t i n g  APS des ign  w a s  then 

evaluated t o  d e f i n e  performance, ope ra t ing  c h a r a c t e r i s t i c s ,  and t h e  advanced tech- 

i r logy  r equ i r ed  f o r  subsystem development. 
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The A P S  thrust level and total impulse were defined during Subtask A for the 
vehicle configurations, design characteristics, and acceleration requirements de- 
fined in the Space Shuttle Vehicle Description and Requirements Document (Reference 

(e)). 
ference (b), requiring an updating of the APS requirements for Subtask B. 

revisions included changes to vehicle configuration, increased acceleration 
requirements, and refined mission timelines. 
orbiters and one booster, were evaluated during Subtask B. 

illustrated in Figures 3-1 through 3-3. 
tion maneuver requirements are shown in Figures 3-4 and 3-5, respectively. 

However, subsequent to Subtask A, revisions were made to this document, Re- 
These 

Three vehicle configurations, two 

These vehicles are 
The vehicle attitude control and transla- 

A detailed evaluation of the A P S  thrust level, total impulse, and number of 
thrusters for the Subtask B study phase was made. Many options of thrust level, 
number of thrusters, and thruster locations are available within the constraints 

imposed by the vehicle acceleration requirements and vehicle configuration. The 
analysis described in Appendix A of this report resulted in the thruster locations 
shown in Figures 3-1 through 3-3, and the thrust levels and number of thrusters are 
summarized in Figure 3-6. A s  shown, a common thrust level of 1850 lb was selected 
for both orbiters and the booster. 

In Subtask A,  three levels of APS control and +X maneuvering capability were 
investigated for the orbiters. These were: 

(1) APS designed to perform all orbiter attitude control and +X maneuvering 
functions after main engine shutdown 

APS designed to perform attitude control functions, but limited in +X 
maneuver capability to velocity changes of - < 50 ft/sec 

(2) 

(3) APS designed to perform attitude control functions, but limited in +X 
maneuver capability to velocity changes of - < 10 ft/sec 

In the last two cases, a separate orbit maneuvering subsystem (OMS) would be 
required for major +X translation maneuvers with velocity changes greater than 
those provided by the APS. For the Subtask B, a single APS operational approach, 

in which the A P S  performs all attitude control and maneuver functions, was selected 
by NASA. 

translation maneuvers. Two different mission timelines for the Space Station/Base 
Logistics Mission were considered for Subtask B: 

This eliminated the requirement for a separate OMS to perform major +X 

3- 1 
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THRUST 1 NUMBEROF 1 TOTAL IMPULSE 1 LEVEL THRUSTERS (lo6 LE  SEC) 

BOOSTER ORBITER '1 12.766" 

12.666* 

0.860 

* 100 LB-SEC MINIMUM IMPULSE BIT 
17TH ORBIT RENDEZVOUS 

REQUIREMENTS SUMMARY 
Subtask B 

FIGURE 3-6 

(1) an early, or third, orbit rendezvous, and 
(2) a late, or seventeenth, orbit rendezvous. 

APS total impulse requirements for these baseline missions are shown in Figure 3-7 
for both orbiters and the booster. 

ATTITUDE 
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A s  noted, Subtask A r e s u l t s  i n d i c a t e d  t h e  turbopump concept w a s  t h e  p r e f e r r e d  

ibsystem f o r  t he  boos te r  and o r b i t e r s  s tudied.  

rdrogen s i d e  of t h e  r e s u l t i n g  subsystem i s  presented i n  Figure 4-1. 
r' t h e  oxygen s i d e  is similar. The components and assemblies making up t h e  turbo- 

imp concept were reevaluated i n  d e t a i l  during t h i s  s tudy phase t o  r e f l e c t  updated 

2quirements and t o  ensure t h a t  t h e  prel iminary design w a s  b e s t  s u i t e d  t o  t h e  A P S .  

lese d e t a i l e d  s t u d i e s  and t r a d e  o f f s  r e s u l t e d  i n  new design concepts f o r  t h e  APS 

m d i t i o n e r  and t h r u s t e r  assemblies and r e f i n e d  designs f o r  o t h e r  components and 

Ssemblies. 

ressure  and temperature by t h e  gas  generator ,  turbopump, and h e a t  exchanger 
;semblies and s t o r e d  i n  an accumulator. The t h r u s t e r  assemblies ope ra t e  from t h e  

:curnulator as s t o r e d  gas b i p r o p e l l a n t  rocke t  engines ope ra t ing  a t  r egu la t ed  i n l e t  

r e s su re  condi t ions.  

A s i m p l i f i e d  schematic of t h e  

The schematic 

The p r o p e l l a n t  is  s t o r e d  as a l i q u i d ,  conditioned t o  t h e  r equ i r ed  

Figure 4-2 presen t s  a s i m p l i f i e d  schematic of t h e  f i n a l  hydrogen s i d e  turbopump 

S as defined by t h i s  study. The schematic f o r  t h e  oxygen s i d e  i s  similar. The 

bsystem c o n s i s t s  of four  s e p a r a t e  assemblies:  

(1) t h r u s t e r  assemblies 

(2) accumulators and f e e d l i n e  assembly 

(3)  conditioning assembly 

( 4 )  prope l l an t  s t o r a g e  assembly, 
The accumulators decouple t h e  t h r u s t e r  assemblies from t h e  condi t ioning assem- 

l ies  and provide s u f f i c i e n t  gas s t o r a g e  c a p a b i l i t y  t o  l i m i t  t h e  number of condi- 

i one r  assembly starts t o  a reasonable  number. 

The cond i t ione r  assemblies are s i zed  t o  provide a f low rate which i s  equ iva len t  

) the  f low rate of t h e  maximum number of t h r u s t e r  t h a t  can o p e r a t e  a t  any given 

ime. These assemblies c o n s i s t  of a s i n g l e  2000'R b i p r o p e l l a n t  gas  generator ,  a 

mvent ional  turbopump, and a reburn heat  exchanger. All g a s  generator  products  

:e f i r s t  passed through t h e  turbopump, where t h e  energy r equ i r ed  t o  raise t h e  

iquid p rope l l an t  p re s su re  and provide f low rate required i s  ex t r ac t ed .  

i e l - r i ch  gas ses  are then d i r e c t e d  t o  t h e  h e a t  exchanger where supplemental 

rygen i s  added t o  provide t h e  energy required t o  convert  t h e  l i q u i d  p rope l l an t  t o  

The 
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gas a t  t h e  d e s i r e d  temperature. The exhaust products  are discharged from t h e  vehi- 

c le  e i t h e r  through opposing nozzles  t o  eliminate d i s tu rbance  fo rces  o r ,  i f  a +X 
axis maneuver i s  i n  process,  through an a f t  d i r e c t e d  convergent-divergent nozzle  

t o  provide u s e f u l  +X impulse. 

The p r o p e l l a n t  tankage assembly ope ra t e s  s i m i l a r l y  t o  conventional s t o r a b l e  

p rope l l an t  tankage. 

t i o n  of t h e  helium p res su re  supply. 

by a combination of high performance i n s u l a t i o n  and p r o p e l l a n t  vapor i za t ion .  

m a l  on-orbit hea t ing  i s  absorbed by a coolant loop i n  which p rope l l an t  is  ex t r ac t ed  
from t h e  tank, and passed over t h e  o u t e r  s h e l l ,  where t h e  hea t  l e a k  i s  taken up by 

t h e  p rope l l an t  hea t  of vaporizat ion.  

l e t  by a su r face  t ens ion  sc reen  device.  

pos i t i on ing  i n  zero g o r  during low-g ope ra t ion  i n  any v e h i c l e  d i r e c t i o n .  

P res su re  w i t h i n  t h e  tank i s  maintained by mechanical regula- 

P rope l l an t s  are maintained i n  a l i q u i d  s t a g e  

Nor- 

P r o p e l l a n t s  are maintained a t  t h e  tank out- 

This device provides p o s i t i v e  p r o p e l l a n t  

The following paragraphs provide a summary of t h e  a l t e r n a t e  design approaches 

considered f o r  each A P S  assembly, a d e s c r i p t i o n  of t h e  designs s e l e c t e d ,  

and t h e  r a t i o n a l e  f o r  s e l e c t i o n .  

4 .1  APS Thruster  Assemblies - The APS uses  gaseous hydrogen-oxygen t h r u s t e r s  

t o  provide t h e  impulse necessary f o r  v e h i c l e  c o n t r o l  and maneuver funct ions.  

Subtask A a f i l m  cooled t h r u s t e r  assembly w a s  used f o r  t h e  A P S  concept t r a d e  

s t u d i e s .  During Subtask B y  a d e t a i l e d  a n a l y s i s  of t h r u s t e r  design and performance 

including an eva lua t ion  of a l t e r n a t e  cool ing methods was  conducted t o  ensure 

minimum weight APS design. This  eva lua t ion  r e s u l t e d  i n  a s e l e c t i o n  of t h r u s t e r  

design using r egene ra t ive  cool ing i n  conjunction wi th  f i l m  cool ing,  providing a n  

improvement i n  t h r u s t e r  s p e c i f i c  impulse while  s a t i s f y i n g  cyc le  l i f e  requirements.  

A sketch of t h e  s e l e c t e d  t h r u s t e r  design i s  shown i n  Figure 4-3 and Appendix D-7 

d i scusses  t h e  f a c t o r s  leading t o  design s e l e c t i o n  i n  more d e t a i l .  

I n  

The primary components of t h e  APS t h r u s t e r  are t h e  p rope l l an t  i n j e c t o r ,  com- 

bus t ion  chamber, i g n i t e r ,  and p r o p e l l a n t  c o n t r o l s .  

coax ia l  design which i s  a v a r i a t i o n  of t h e  more conventional coax ia l  element. I n  

t h i s  design,  hydrogen is  i n j e c t e d  normal t o  t h e  a x i a l l y  d i r e c t e d  o x i d i z e r  stream. 

Hydrogen p r o p e l l a n t  r egene ra t ive ly  cools  t he  combustion chamber and t h e  nozzle  t o  

t h e  11:1 area r a t i o ,  flowing forward i n  a s i n g l e  pass concept through channels 
toward t h e  i n j e c t o r .  A f i l m  cooled nozzle  s k i r t  is a t t ached  a t  t h e  11:l area r a t i o .  

The i g n i t e r  subassembly c o n s i s t s  of a separate high-response b i p r o p e l l a n t  va lve ,  a 

cooled i g n i t i o n  chamber, and a spa rk  plug. 

i s  con t ro l l ed  by a l i nked ,  p a r a l l e l  poppet valve actuated by gaseous hydrogen from 

The i n j e c t o r  i s  an impinging 

Primary p r o p e l l a n t  flow t o  t h e  t h r u s t e r  
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t h e  p rope l l an t  system. 

t h r u s t e r  design and provides t h r u s t e r  performance da ta .  

Appendix D-7 provides  a more d e t a i l e d  d e s c r i p t i o n  of a 

I n  conjunct ion with s e l e c t i o n  of t h e  t h r u s t e r  design,  a s e p a r a t e  s tudy  w a s  

performed t o  explore  t h e  advantage of t a i l o r i n g  t h r u s t e r  designs t o  t h e i r  v e h i c l e .  

func t ions  ( i . e . ,  t r a n s l a t i o n  o r  a t t i t u d e  c o n t r o l ) .  Since about 90% of t h e  A P S  

t o t a l  impulse requirement i s  expended i n  +X t r a n s l a t i o n  maneuvers, i t  w a s  p o t e n t i a l -  

l y  advantageous t o  use  t h r u s t e r s  i n d i v i d u a l l y  designed t o  provide maximum s p e c i f i c  

impulse f o r  t h e  +X t r a n s l a t i o n  funct ions.  Inves t iga t ed  w e r e :  

(1) t h r u s t e r s  using gaseous oxygen and hydrogen, b u t  with increased nozzle  

expansion r a t i o  

t h r u s t e r s  with increased expansion r a t i o ,  designed t o  ope ra t e  with l i q u i d  

hydrogen and gaseous oxygen 

t h r u s t e r s  w i t h  increased expansion r a t i o ,  designed t o  ope ra t e  wi th  l i q u i d  

hydrogen and l i q u i d  oxygen. 

(2) 

( 3 )  

The above op t ions  r ep resen t  a continuous improvement i n  subsystem s p e c i f i c  impulse 

a t  t h e  expense of increased development e f f o r t ,  because each design is  p rogres s ive ly  

a g r e a t e r  design dev ia t ion  from a common a t t i t u d e  c o n t r o l  t h r u s t e r .  

Based on comparison of APS weights and complexity using t h e s e  a l t e r n a t e s  i t  

w a s  concluded t h a t  while  t h e  concepts using l i q u i d  hydrogen could provide weight 

savings,  t h e i r  advantage w a s  o f f s e t  by t h e  need f o r  development of two d i f f e r e n t  

t h r u s t e r  assemblies ,  i .e . ,  both gas and l i q u i d  engines.  However, t h e  f i r s t  op t ion  

represented only a minimal change t o  t h e  b a s i c  design as i t  used gaseous propel- 

l a n t s ;  no changes w e r e  r equ i r ed  i n  t h e  combustion/cooling po r t ions  of t h e  t h r u s t e r  

assembly. The weight r educ t ion  t h a t  could b e  r e a l i z e d  by t h i s  simple change i n  

nozzle  s k i r t  s i z e  were considered t o  outweigh t h e  s m a l l  p e n a l t i e s  a s soc ia t ed  wi th  

t h r u s t e r  commonality dev ia t ion  and i t  w a s  s e l e c t e d  f o r  i nco rpora t ion  i n  t h e  design.  

Based on o v e r a l l  APS weight exchanges, expansion r a t i o s  of 120:l  and 6 0 : l  w e r e  

s e l e c t e d  f o r  t h e  t r a n s l a t i o n  and a t t i t u d e  c o n t r o l  t h r u s t e r s ,  r e s p e c t i v e l y .  Appen- 

d i x  D-8 provides d e t a i l s  on t h e  design assumptions i n  t h i s  a n a l y s i s ,  showing weight 

changes which r e s u l t  from a l t e r n a t e  design approaches. 

4.2  Accumulators and Feedl ine Assembly - The APS r e q u i r e s  t h a t  conditioned 

p rope l l an t  b e  a v a i l a b l e  a t  a l l  t i m e s  f o r  r e l i a b l e  and responsive t h r u s t e r  opera- 

t i o n .  

gen and oxygen p r o p e l l a n t s ,  and t h e  f e e d l i n e  assembly, which d i s t r i b u t e s  t h e  pro- 

p e l l a n t s  t o  t h e  t h r u s t e r s .  

This is  accomplished by t h e  u s e  of accumulators, which s t o r e  gaseous hydro- 

The accumulators are t h e  most s i g n i f i c a n t  weight element i n  t h i s  assembly. 
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They consist of spherical pressure vessels which operate in a blowdown pressure 
mode between a maximum and minimum pressure level and are recharged periodically 

during the mission by the conditioner assembly. Accumulators are sized to provide 
sufficient total impulse between the lower switch pressure level and minimum opera- 
ting pressure to deliver maximum thrust over the time period required for condi- 
tioner start up. Accumulator maximum pressure limit is established by consideration 
of the number of recharge cycles desired in a mission. 
the fewer the cycles. These requirements combine to define a combination of accumu- 
lator design pressure levels and an accumulator volume which result in a minimum 
APS weight. Appendix D-6 provides a detailed description of the analyses used to 
define accumulator design, and shows that for the APS requirements and the condi- 
tioner assembly start characteristics, a minimum A P S  weight is provided at an over- 
all accumulator pressure ratio of 2.26:l (maximum to minimum), with accumulator 
volumes of 29 and 12 ft for hydrogen and oxygen, respectively. 

The higher the pressure, 

3 

Feedline assembly configurations used were representative of actual installa- 
tions; therefore, their weight and influence on A P S  design were realistically 
assessed. 
smaller lines and weight penalties in the accumulators and conditioners with in- 
creased line pressure loss. 
lation layout studies described in Appendix C. Another factor of significance in 
feedline definition is the amount of propellant heating that occurs in the lines 
between accumulators and thruster assemblies. Heat transfer into the gaseous pro- 
pellant will result in differences in thruster inlet propellant density with atten- 
dant thrust and mixture ratio excursions. To minimize these excursions the lines 
must be insulated. Two alternate means of insulation were considered: 

Line diameters were based on tradeoffs between weight reductions for 

Line lengths and routing were determined from instal- 

1) vacuum jacketed lines 
2) lines insulated with high performance, multi-layer mylar insulation 

protected by a flexible cover. 
Comparison of the weight and complexity of these two approaches showed that vacuum- 
jacketing would result in high weight penalties and the installation would be quite 
complex. For this reason, the flexible jacket approach was selected for feedline 
insulation. 

4.3  Conditioner Assembly - The conditioner concept selected during the Sub- 
task A studies used a 3500"R gas generator to provide the energy required for 
turbopump operation in series with downstream propellant conditioning heat exchan- 
ger. A more detailed analysis of conditioner assembly integration and component 
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requirements f o r  t h i s  condi t ioner  during Subtask B showed t h a t  t h e  power require-  

ments of t h e  hydrogen pump could not b e  matched t o  t h e  power c a p a b i l i t y  of t h e  

t u r b i n e  without s i g n i f i c a n t  i n c r e a s e s  i n  condi t ioner  bypass flow and/or reduct ions 

i n  chamber p re s su re .  

f o r e ,  t o  ensure a minimum weight A P S  several alternate concepts including t h e  above 

changes t o  t h e  Subtask A concept were evaluated. 

were : 

Both t h e s e  changes r e s u l t e d  i n  increased A P S  weight; there-  

, 
Alternate condi t ioner  concepts 

(1) 

(2) 

an active propuls ive vent w i th  2000"R gas generator  

two h e a t  exchangers which allow t u r b i n e  flow t o  be  ex t r ac t ed  a t  h ighe r  

temperatures midpoint i n  t h e  condi t ioning cyc le ,  

a s e p a r a t e  2000"R gas generator  t o  power t h e  turbopump and a reburn h e a t  

exchanger f o r  p rope l l an t  condi t ioning 

cold tu rb ines  which are powered by t h e  conditioned propellant.  

( 3 )  

( 4 )  
I n  t h i s  eva lua t ion ,  weight increment a s soc ia t ed  wi th  each concept re la t ive t o  t h e  

Subtask A b a s e l i n e  w a s  determined and t h e  concepts were assessed t o  e s t a b l i s h  rela- 

t ive technology, s i m p l i c i t y  and f l e x i b i l i t y  cons ide ra t ions .  Appendix D-2 provides 

both a d e t a i l e d  d i scuss ion  of t h e  a l t e r n a t e  condi t ioner  concepts and t h e  quan t i t a -  

t i ve  r e s u l t s  used i n  making t h i s  s e l e c t i o n .  From t h i s  evaluatory p rocess ,  t h e  

reburn hea t  exchanger w a s  s e l e c t e d .  

The r ev i sed  condi t ioner  concept uses  a s i n g l e  2000'R gas generator  i n  each 

condi t ioner .  

turbopump, then  t h e  t u r b i n e  exhaust i s  d i r e c t e d  t o  t h e  h e a t  exchanger, where sup- 

plemental  oxygen i s  added t o  inc rease  h e a t  release and improve o v e r a l l  assembly 

performance. 

Exhaust products from t h i s  generator  are used f i r s t  t o  d r i v e  t h e  

Three approaches t o  t h e  c o n t r o l  of t h e  h e a t  exchanger flow and p res su re  during 

accumulator recharge w e r e  evaluated f o r  t h e  r ev i sed  condi t ioner  concept. The turbo- 

pump design cond i t ions  depend upon t h e  approach used f o r  condi t ioner  c o n t r o l  during 

recharge.  Control during +X t r a n s l a t i o n  ope ra t ion  i s  descr ibed i n  paragraph 5.0. 

The approaches considered were: 

(1) a f i x e d  condi t ioner  ope ra t ing  p o i n t ,  i n  which condi t ioner  flow rate and 

p res su re  were i n v a r i a n t  during accumulator recharge 

a f i x e d  condi t ioner  flow rate, i n  which condi t ioner  flow w a s  maintained 

constant  and t u r b i n e  power w a s  increased t o  provide accumulator recharge 

a f i x e d  t u r b i n e  power, i n  which t u r b i n e  power w a s  maintained constant  

and cond i t ione r  flow w a s  allowed t o  decrease during recharge.  

(2) 

(3)  
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Since each c o n t r o l  concept a f f e c t e d  the condi t ioner  design p o i n t s  and thus  

inf luenced A P S  weight, t h e  APS w a s  optimized f o r  t h e  t h r e e  c o n t r o l  concepts. 

c o n s t r a i n t s  t o  t h e  minimum weight operat ing po in t  w e r e :  

Two 

2 (1) a minimum t u r b i n e  discharge p res su re  of 30 l b f / i n  a t o  allow sea level 

t e s t i n g  of t h e  hea t  exchanger and t u r b i n e  

a heat exchanger discharge temperature o f  800°R minimum t o  preclude H20 

condensation i n  t h e  vent  assembly. 

(2) 

These c o n s t r a i n t s  were m e t  by varying t h e  amount of supplemental oxygen. 

of t h i s  comparison are presented i n  Appendix D-2. From t h i s  comparison, a c o n t r o l  

concept w a s  s e l e c t e d  i n  which t h e  cond i t ione r  is designed t o  ope ra t e  a t  constant  

t u r b i n e  power and provides  t h e  maximum s t eady  s ta te  t h r u s t e r  flow at  t h e  minimum 

accumulator pressure.  

Details 

This  con t ro l  concept r e s u l t e d  i n  t h e  b e s t  compromise between c o n t r o l  complexity 

and APS weight. For t h e  s e l e c t e d  con t ro l  concept APS weight optimized a t  a chamber 
L pres su re  of  500 l b f / i n  a and o v e r a l l  condi t ioner  mixture r a t i o s  w e r e  2.55 and 2.69 

f o r  hydrogen and oxygen condi t ioning,  r e spec t ive ly .  

The b a s e l i n e  designs f o r  t h e  turbopump, gas generator  and reburn h e a t  exchanger 

which are required by t h e  condi t ioner  assembly are presented i n  t h e  following para- 

graphs. 

4.3.1 Turbopump Subassembly - In t h e  s e l e c t e d  condi t ioner  design, t h e  

turbopumps are required t o  provide maximum flow a t  minimum accumulator 

pressure.  Since t u r b i n e  power i s  maintained constant  during recharge,  pump flow 

i s  reduced and speed i s  increased as accumulator p re s su re  i s  increased.  

d e t a i l e d  design and performance of t h e  turbopumps are provided i n  Appendix D-3.  

The 

The s e l e c t e d  turbopumps u s e  p re s su re  compounded, axial  flow ' t u rb ines ,  

and c e n t r i f u g a l  pumps. 2 
t u r b i n e ,  w h i l e  t h e  LH 2 
Pump impe l l e r  and t u r b i n e  r o t o r  are mounted on a common s h a f t ,  supported by propel- 

l e n t  coo led / lub r i ca t ed  bear ings.  

turbopump subassemblies. Turbopump design and performance were e s t a b l i s h e d  a f t e r  a 

d e t a i l e d  eva lua t ion  w a s  performed t o  compare t h e  c a p a b i l i t y  of several designs.  

Pump and t u r b i n e  s t eady  state e f f i c i e n c i e s  were i n v e s t i g a t e d  i n  d e t a i l  s i n c e  t h e s e  

a f f e c t  t h e  A P S  bypass flow requirements. An e f f i c i e n c y  of 40 percent  a t  steady- 

state ope ra t ing  condi t ion w a s  s e l e c t e d  as a design va lue  f o r  both pumps. 

The LO assembly uses  a s ing le - s t age  pump and a two-stage 

assembly uses a two-stage pump and three-s tage tu rb ine .  

Figure 4-4 and 4-5 p re sen t  sketches of t h e  

This 
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e f f i c i e n c y  i s  less than t h e  maximum a v a i l a b l e ,  bu t  provides a design margin, and 

l i m i t s  h e a t  exchanger flow excursion during recharge.  

The turbupnmp assemblies are a c t i v e l y  cooled by hydrogen tank vent  gas which 

is passed through a t u b u l a r  h e a t  exchanger mounted on t h e  pump enclosure.  

add i t ion ,  a h e a t  s h o r t  from t h e  t u r b i n e  t o  t h e  s t r u c t u r e  provides pump i s o l a t i o n .  

In  

4 . 3 . 2  Heat Exchanger Subassembly - The APS uses reburn h e a t  exchanger assem- 

b l i e s  t o  condi t ion t h e  p rope l l an t  t o  t h e  temperatures required.  The products from 

a 2000"R gas generator  are f i r s t  used t o  d r i v e  t h e  turbopump subassembly and are 

then d i r e c t e d  t o  t h e  APS h e a t  exchangers where supplemental oxygen is  added t o  

t h e  f u e l  r i c h  t u r b i n e  exhaust and reburned t o  supply t h e  energy necessary f o r  

p rope l l an t  condi t ioning.  Three types of h e a t  exchanger concepts were considered 

f o r  t h i s  funct ion.  

n e r  of G02/mixture i g n i t i o n .  

These va r i ed  i n  t h e  number of reburn cycles  used and t h e  man- 

The concepts were: 

(1) mult is taged oxygen i n j e c t i o n  i n t o  gas mixtures below t h e  auto- igni t ion 

temperature 

mul t i s t age  oxygen i n j e c t i o n  i n t o  gas mixtures above t h e  auto- igni t ion 

temperature 

s i n g l e  po in t  oxygen a d d i t i o n  and i g n i t i o n .  

(2) 

* 
(3) 

The s e l e c t e d  design uses  s i n g l e  p o i n t  oxygen add i t ion .  This  concept is  based on 

a p p l i c a t i o n  of i n j e c t o r  p l a t e  f a b r i c a t i o n  technology developed f o r  s taged combus- 

t i o n  cyc le s ,  

f o r  t h e  oxygen h e a t  exchanger a t  a mixture r a t i o  of 0.85, e s t a b l i s h i n g  a h o t  sXde 

temperature of approximately 4150"R . The h e a t  exchanger must ope ra t e  i n  t h i s  

temperature environment and have a high c y c l e  l i f e  w i th  l a r g e  cold t o  h o t  s i d e  

temperature g rad ien t s .  

and provides a d e t a i l e d  d e s c r i p t i o n  of t h e  ope ra t ion  and performance of t h e  

s e l e c t e d  design. 

The h e a t  exchangers reburn t h e  fue l - r i ch  t u r b i n e  exhaust products, 

Appendix D-4 p resen t s  a comparison of a l t e r n a t e  approaches 

Heat exchanger design i s  i l l u s t r a t e d  i n  F igu re  4-6 .  A l l  p r o p e l l a n t  t o  b e  

conditioned e n t e r s  t h e  h e a t  exchanger i n  t h e  base. The co re  c o n s i s t s  of a series 

of l i q u i d  p r o p e l l a n t  p l a t e l e t  assemblies,  each separated by a h o t  gas  flow passage. 

P l a t e l e t  c o n s t r u c t i o n  techniques provide con t ro l l ed  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  

h o t  gas  and cold p r o p e l l a n t  s i d e s .  The exploded view of t h e  l i q u i d  p r o p e l l a n t  

p l a t e l e t  assembly shows t h a t  t h e  l i q u i d  p r o p e l l a n t  enters t h e  c e n t e r  of t h e  p l a t e -  

l e t ,  is d i s t r i b u t e d  a c r o s s  i t s  width,  d i r e c t e d  up i ts  l eng th  where t h e  flow is  

s p l i t  and d i r e c t e d  back down t h e  p l a t e l e t  stack. H e a t  exchange w i t h  the  ho t  gas 

4-10 

MCDONNPLL 'DOUGLAS ASTRONAUrJCS COMPANY - EAST 



HlGH PRESSURE APS 
SUBTASK B 

CONDITIONED 
PROPELLANT 

LIQUID 
PROPELLANT VENT 

REPORT MDC E0298 
12 FEBRUARY 1971 

HOT GAS 
EXIT 

OUT 

HIGH TEMPERATURE REBURN HEAT EXCHANGER 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY .I EASZ 

FIGURE 4-6 

4-1 1 



HIGH PRESSURE APS 
SUBTASK B 

REPORT MDC E0298 
12 FEBRUARY 1971 

occurs on t h e  downpass because t h e  c l o s u r e  p l a t e  f o r  t h e  downpass channels is 

a l s o  t h e  w a l l  of a gas generator  segment. A t  t h e  bottom of t h e  downpass, t h e  

conditioned p rope l l an t  discharging from each of t h e  p l a t e l e t s  i s  gathered i n  a 

manifold assembly and d i r e c t e d  t o  t h e  accumulator. 

The heat exchanger s h e l l  i s  r egena t ive ly  cooled and is a c t u a l l y  one h a l f  of a 

main h e a t  exchanger p l a t e l e t .  

of t h e  s h e l l  and down t h e  i n s i d e  passage where i t  i s  conditioned. 

with t h e  conditioned p r o p e l l a n t  from t h e  main p l a t e l e t s .  

The l i q u i d  p r o p e l l a n t  flows up the o u t s i d e  passage 

It is c o l l e c t e d  

The gas generator  po r t ion  of t h e  reburn h e a t  exchanger is  shown i n  Figure 4-6. 

The t u r b i n e  exhaust gas i s  mixed with oxygen along t h e  width of each gas 

generator  panel. 

A c a t a l y t i c  i g n i t e r  i n  t h e  manifold is  used as t h e  i g n i t e r  source f o r  t h e  

t u r b i n e  exhaust gas/GO mixture. During accumulator recharge,  oxygen a d d i t i o n  

i s  con t ro l l ed  t o  maintain a constant  p rope l l an t  temperature a t  t h e  h e a t  

exchanger o u t l e t .  

2 

4 . 3 . 3  Gas Generator Subassembly - Gas gene ra to r s  are r equ i r ed  t o  provide 

power f o r  turbopump ope ra t ion  and energy t o  t h e  reburn h e a t  exchanger assembly. 

These u n i t s  ope ra t e  from gaseous hydrogen/oxygen p rope l l an t s  and provide 

t h r o t t l i n g  c a p a b i l i t y  t o  l i m i t  operat ing temperature and t o  maintain accumulator 

p re s su re  i n  t h e  presence of varying APS flow demands. 

shown i n  Figure 4-7. This concept employs an electrical spark i g n i t e r .  

assembly ope ra t e s  a t  2000"R combustion temperature and 500 l b f / i n  a ope ra t ing  

pressure.  

The l inked  valves provide f a s t  response , added assurance of proper p rope l l an t  

sequencing and minimize p o t e n t i a l  mixture r a t i o  excursions due t o  valve 

inaccuracies .  Ca l ib ra t ed  o r i f i c e s ,  a bypass c i r c u i t  and s e p a r a t e l y  a c t i v a t e d  

t h r o t t l i n g  valves are used t o  supply d i f f e r e n t  power levels t o  t h e  t u r b i n e  upon 

demand. 

Appendix D-5 provides more d e t a i l  on gas generator  design and desc r ibes  

performance. 

4 . 4  

The design s e l e c t e d  is 

2 
The 

Linked b i p r o p e l l a n t  valves with p i l o t e d  pneumatic a c t u a t o r s  are used. 

Paragraph 5.0 provides a d i scuss ion  of gas generator  flow con t ro l .  

P rope l l an t  Storage Assembly - The p rope l l an t  s t o r a g e  assembly maintains  

t h e  cryogenic p r o p e l l a n t s  i n  t h e i r  l i q u i d  state and p o s i t i o n s  them f o r  d e l i v e r y  

t o  t h e  turbopumps. Three primary subassemblies are required:  

(1) a p rope l l an t  a c q u i s i t i o n  subassembly 

(2) a thermal p r o t e c t i o n  subassembly 
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(3 )  a p res su r i za t ion  subassembly. 

For these ,  several a l t e r n a t e  approaches were a v a i l a b l e  t h a t  could p o t e n t i a l l y  

s a t i s f y  APS requirements. 

each subassembly, compares t h e  a l t e r n a t e s  and def ines  t h e  designs se l ec t ed .  

Appendix D-1 r e s u l t s  are provided i n  t h e  following paragraphs. 

Appendix D-1 provides a summary of requirements f o r  

4 . 4 . 1  Propel lan t  Acquis i t ion Subassembly - A p rope l l an t  a c q u i s i t i o n  device is  

required t o  ensure l i q u i d  outflow during low-g o r b i t a l  phases of t h e  mission. 

During these  mission phases,  veh ic l e  acce le ra t ion  w i l l  tend t o  randomly o r i e n t  t h e  

propel lan t  wi th in  t h e  tank,  thereby p o t e n t i a l l y  uncovering the  tank  o u t l e t .  Some 

device is the re fo re  necessary t o  guarantee t h a t  l i q u i d  w i l l  be r e t a ined  at t h e  out- 

l e t  and t o  provide a flow path f o r  communication between t h e  l i q u i d  mass and the  

o u t l e t .  Of s e v e r a l  concepts considered f o r  t h i s  func t ion ,  su r f ace  tens ion  screen  

devices w e r e  t he  most a t t r a c t i v e ,  

providing high r e l i a b i l i t y  and mul t icyc le  reuse  capab i l i t y .  

r e t e n t i o n  concepts were evaluated:  

(1) a w a l l  o r i e n t a t e d  device 

(2) a s tar t  basket  

(3) 

They are pass ive  with no moving p a r t s ,  thus  

Three b a s i c  screen 

a hybrid combining t h e  above two devices.  

A w a l l  o r i e n t a t e d  device was  s e l ec t ed .  

This p rope l l an t  a c q u i s i t i o n  device,  shown i n  Figure 4 - 8 ,  c o n s i s t s  of screen 

channels l oca t ed  around t h e  tank circumference, and a s i n g l e  enclosed c o l l e c t o r  

manifold, which connects each channel t o  an o u t l e t  sump. 

w i l l  s e l e c t i v e l y  pass  l i q u i d  t o  t h e  feed system s o  long as t h e r e  is contact  wi th  a 

l i q u i d  mass. 

made. 

drop ac ross  the  screen  vapor / l iqu id  i n t e r f a c e  never  exceeds the  screen  bubble po in t  

p r i o r  t o  reent ry .  During r een t ry ,  dece le ra t ion  fo rces  w i l l  result i n  dra in ing  of 

t h e  channels;  however, t h e s e  same fo rces  w i l l  result i n  propel lan t  o r i e n t a t i o n  a t  

t h e  tank o u t l e t .  

4 . 4 . 2  

The a c q u i s i t i o n  device 

The w a l l  o r i en ted  n a t u r e  of t h e  device ensures  t h a t  contac t  w i l l  be 

Screen mesh and flow passage d imens ions  were s e l e c t e d  so t h a t  t h e  pressure  

Thermal Pro tec t ion  Subassembly - S a t i s f a c t o r y  turbopump opera t ion  

r equ i r e s  t h a t  t h e  p rope l l an t s  be maintained as gas-free,  subcooled l i q u i d s  t o  avoid 

vapor inges t ion  and a s su re  a n e t  p o s i t i v e  suc t ion  p res su re  at t h e  pump i n l e t .  

avoid excessive p rope l l an t  bo i lo f f  and t o  prevent vapor iza t ion  wi th in  t h e  su r face  

tens ion  screens  an e f f i c i e n t  thermal p ro tec t ion  subassembly must be  provided. The 

thermal p ro tec t ion  assembly uses high performance, mu l t i l aye r ,  mylar i n s u l a t i o n  t o  

reduce vapor iza t ion /boi lof f  l o s s .  

To 

Also, s i n c e  i n s u l a t i o n  cannot completely 
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eliminate h e a t  l e a k  i n t o  t h e  tank, a h e a t  exchanger assembly must be provided t o  

preclude bulk l i q u i d  heat ing.  This subassembly i s  shown i n  Figure 4-9. 
I n s u l a t i o n  p r o t e c t i o n  a l t e r n a t e s  i n v e s t i g a t e d  were: 

(1) 

(2) 

vacuum jacke ted  dewars using a s t r u c t u r a l  o u t e r  s h e l l  

nonvacuum jacke ted  tanks wi th  f l e x i b l e  o r  s emi r ig id  covers t o  p r o t e c t  

t h e  i n s u l a t i o n .  

The nonvacuum jacke ted  approach r equ i r ed  noncondensable gas  purging i n  t h e  atmo- 

sphere t o  p r o t e c t  t h e  i n s u l a t i o n  from water condensation damage. 
w a s  t h e  s imples t ,  b u t  t h e  weight p e n a l t i e s  i t  incurred w e r e  n o t  considered t o  b e  

j u s t i f i a b l e  and an approach r equ i r ing  purge gas w a s  s e l ec t ed .  

a f i b e r g l a s s  o u t e r  s h e l l  t o  cover t h e  mylar i n s u l a t i o n .  

tanks use a n i t rogen  gas purge t o  prevent cryopumping during ground holds ,  bu t  

s i n c e  n i t r o g e n  would condense a t  l i q u i d  hydrogen temperature,  t h e  hydrogen tank 

r equ i r e s  a l a y e r  of foam i n s u l a t i o n  t o  l i m i t  mylar i n s u l a t i o n  temperature. 

During e n t r y ,  f i b e r g l a s s  j a c k e t s  are p res su r i zed  wi th  helium. 

The dewar approach 

This approach uses  

Both hydrogen and oxygen 

Three alternate hea t  exchangers w e r e  considered: 

(1) 

(2) 

a tubu la r  h e a t  exchanger mounted d i r e c t l y  t o  t h e  tank w a l l  

a tubu la r  h e a t  exchanger a t t ached  t o  a t h i n  metal r a d i a t i o n  shroud 

displaced from t h e  tank w a l l .  

a compact h e a t  exchanger mounted i n s i d e  t h e  tank. (3) 
The second of  t h e s e  op t ions  w a s  s e l e c t e d .  

s i n c e  i t  would allow temperature g rad ien t s  w i t h i n  t h e  tank unless  c i r c u l a t i o n  f a n s  

were provided. The t h i r d  o f f e r e d  l i t t l e  weight advantage, and a l s o  r equ i r ed  

p rope l l an t  c i r c u l a t i o n .  Figure 4-10 i l l u s t r a t e s  t h e  s e l e c t e d  thermal p r o t e c t i o n  

schematic. I n  t h i s  approach, hydrogen i s  continuously c i r c u l a t e d  through cool ing 

tubes t o  i n t e r c e p t  r e s i d u a l  h e a t  l e a k  through t h e  i n s u l a t i o n  and h e a t  s h o r t  pa ths .  

Liquid hydrogen is  e x t r a c t e d  from t h e  hydrogen t ank ,  t h r o t t l e d  t o  reduce i t s  

temperature, and then d i r e c t e d  t o  t h e  tank cool ing shroud, where i t  absorbs h e a t  

through vaporizatf-on, The hydrogen is then used t o  cool t h e  hydrogen turbopump, 

oxygen tank, and oxygen turbopump. 

The f i r s t  w a s  considered inadequate,  

4 .4 .3  
evaluated: 

P r e s s u r i z a t i o n  Subassembly - Two candidate  p r e s s u r i z a t i o n  types were 

(1) autogenous 

(2) co ld  helium wi th  submerged i n j e c t i o n .  

Appendix D-1 d i scusses  t h e s e  approaches and t h e i r  weight t r a d e o f f s .  The s e l e c t e d  
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concept €or the APS was cold helium using submerged helium injection, resulting in 
a small weight penalty which was outweighed by inherent operational simplicity 
and state-of-the-art technology base. 
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5. APS OPERATION AND CONTROL 

I n  t h e  s e l e c t e d  high p res su re  A P S ,  p r o p e l l a n t s  are s t o r e d  as l i q u i d s  a t  low 

p res su re ,  and r a i s e d  t o  subsystem ope ra t ing  p res su re  by t u r b i n e  dr iven pumps. Heat 

exchangers are employed which use h o t  combustion gas t o  condi t ion p r o p e l l a n t s  t o  

t h e  temperatures r equ i r ed  f o r  t h r u s t e r  operat ion.  T o  avoid excessive cycl ing of  

t h e  condi t ioning assembly, accumulators are provided t o  decouple t h e  t h r u s t e r s  

from the  condi t ioners .  Accumulator p re s su re  is maintained by t h e  cond i t ione r s ,  

which resupply t h e  accumulators when accumulator p re s su re  drops below a switching 

p res su re  level. Of p r i n c i p a l  concern t o  t h i s  s tudy phase is  cond i t ione r  assembly 

c o n t r o l  during +X t r a n s l a t i o n  operat ion.  

The cond i t ione r  assembly con t ro l  concept was e s t a b l i s h e d  t o  s a t i s f y  t h r e e  

independent design cr i ter ia  : 

r ap id  s tar t  t r a n s i e n t s .  

f a c t o r  i n  accumulator s i z i n g  as i t  is  d i r e c t l y  r e l a t e d  t o  accumulator 

volume. Slow condi t ioner  response c h a r a c t e r i s t i c s  result i n  excessive 

accumulator weight p e n a l t i e s ,  hence high t u r b i n e  power f o r  s t a r t i n g  w a s  

d e s i r a b l e .  ) 

minimum operat ing power. 

s teady s ta te  condi t ioner  ope ra t ion  d i r e c t l y  a f f e c t s  t h e  e f f e c t i v e  

s p e c i f i c  impulse of t h e  A P S .  Hence i t  w a s  d e s i r a b l e  t o  o p e r a t e  with 

minimum t u r b i n e  power under normal condi t ions.  ) 

cond i t ione r  flow v a r i a b i l i t y ,  

maneuvers an undefined and v a r i a b l e  amount of  p rope l l an t  w i l l  be r equ i r ed  

f o r  a t t i t u d e  con t ro l .  Conditioners could b e  designed with excess flow 

c a p a b i l i t y  bu t  t h i s  would r e q u i r e  a d d i t i o n a l  l i f e  c a p a b i l i t y  because t h e  

cond i t ione r s  would cyc le  on-off during s t eady  state operat ion.  Therefore ,  

i t  w a s  d e s i r a b l e  t o  con t ro l  condi t ioner  flow such t h a t  t he  accumulators 

would n o t  recharge during +X maneuvers.) 

(The condi t ioner  response t i m e  is a primary 

(The amount of gas generator  flow requ i r ed  f o r  

(During s t eady  s t a t e  +X t r a n s l a t i o n  

The con t ro l  concept s e l e c t e d  t o  s a t i s f y  t h e s e  cri teria provides a maximum gas 

generator  flow f o r  turbopump s t a r t i n g  and a d j u s t s  flow according t o  accumulator 

p re s su re  during s teady s ta te  operat ion.  This i s  accomplished with t h e  gas generator  

valves which i n  e f f e c t  are two separate valves. One is  a f a s t  a c t i n g ,  pneumatically 

c o n t r o l l e d  on-off valve, wh i l e  t h e  o t h e r  is a slower,  e l e c t r i c a l l y  c o n t r o l l e d ,  

vernier t h r o t t l e  valve. The vernier i s  l o c a t e d  downstream of t h e  primary valve 
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and provides up t o  20 pe rcen t  flow reduct ion according t o  accumulator pressure.  

These vernier valves a l s o  con t ro l  gas generator  mixture r a t i o  by sensing combustion 

temperature and t h r o t t l i n g  gas gene ra to r  oxygen flow t o  maintain proper mixture 

r a t i o  (and thus t u r b i n e  temperature).  

APS c o n t r o l  is i l l u s t r a t e d  i n  Figure 5-1. When t h e  accumulator is  f u l l y  

charged, condi t ions are a t  po in t  (A) and t h e r e  is  no condi t ioner  flow a t  t h e s e  

condi t ions t h e  primary gas generator  valves are closed and t h e  t h r o t t l e  valves are 

f u l l  open. With t h r u s t e r  usage, condi t ioner  p re s su re  w i l l  decay un t i l  t h e  switching 

p res su re  i s  reached, The primary gas  generator  valves and t h e  pump s u c t i o n  valves 

w i l l  be commanded open, Generator flow and t u r b i n e  power w i l l  be a maximum (po in t  

D) and t u r b i n e  spin-up i s  i n i t i a t e d .  

heat  exchanger is  delayed u n t i l  50 percent  of maximum t u r b i n e  speed has been 

reached. 

Opening t h e  valve c o n t r o l l i n g  oxygen t o  t h e  

During t h e  s tar t  t r a n s i e n t ,  accumulator p re s su re  w i l l  cont inue t o  decay and 

gas generator  flow i s  modulated w i t h  the v e r n i e r  t h r o t t l e  valves t o  c o n t r o l  t u r b i n e  

power. 

flow i s  c o n t r o l l e d  t o  provide minimum t u r b i n e  power, and, thus,  bypass flow a t  

po in t  1. However, t h e  condi t ioner  must a l s o  provide t h e  c a p a b i l i t y  f o r  a t t i t u d e  

c o n t r o l  t h r u s t  demands during +X t h r u s t e r  operat ion.  

i nc reas ing  generator  f low ( tu rb ine  power) along p a t h  1-2 as p res su re  decays wi th  

increased flow demands. A r e s u l t a n t  normal ope ra t ing  p o i n t  (3) wi th  a t t i t u d e  c o n t r o l  

When A P S  f low demands are only those  corresponding t o  +X t h r u s t e r  ope ra t ion ,  

This i s  accomplished by 

demands i s  shown between p o i n t s  1 and 2.  

pres su re  along pa th  1-4. 

100% 
0 

W 

ACCUMULATOR PRESSURE 

The accumulators recharge t o  maximum 

, 100%POWER 

FLOW t X & CONTROL 

APS CONDITIONER FLOW 

PUMP AND GAS GENERATOR VALVE OPERATION 
5-2 
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Subtask B e f f o r t  r e s u l t e d  i n  d e f i n i t i o n  of  design, performance and ope ra t iona l  

c h a r a c t e r i s t i c s  of t h e  APS s e l e c t e d  f o r  t h e  space s h u t t l e  high and low c ross  range 

o r b i t e r s  and t h e  booster .  

APS designs were e s t a b l i s h e d  t o  s a t i s f y  t h e  v e h i c l e  c o n t r o l  requirements of 

Reference (b) . 
t o t a l  impulse r equ i r ed  f o r  each veh ic l e ,  wh i l e  Appendix A provides s tudy r e s u l t s  

t h a t  l e d  t o  t h e s e  requirements. Thrus t e r  l o c a t i o n s  were i l l u s t r a t e d  i n  Figures 

3-1, 3-2, and 3-3. These l o c a t i o n s  were e s t a b l i s h e d  t o  s a t i s f y  t h e  cr i ter ia  of 

minimum weight, avoidance of h e a t  s h i e l d  pene t r a t ion  whenever p o s s i b l e ,  and use of 

common t h r u s t  levels between veh ic l e s .  The turbopump APS defined f o r  t h e  t h r e e  

veh ic l e s ;  O r b i t e r  B y  O r b i t e r  C and t h e  Booster ,are  b a s i c a l l y  t h e  same. 

t i o n i n g  assemblies are i d e n t i c a l  f o r  t h e  t h r e e  v e h i c l e s  i n  configurat ion and 

operat ion.  Minor d i f f e rences  r e s u l t  from d i f f e r e n t  tank s i z e s  and l o c a t i o n s ;  l i n e  

and t h r u s t e r  l o c a t i o n s  and vent  arrangements. The following subsystem d e s c r i p t i o n  

w i l l  b e  addressed t o  O r b i t e r  B y  and except f o r  t h e  d i f f e r e n c e s  noted, a l s o  a p p l i e s  

t o  Orb i t e r  C and t h e  Booster. 

veh ic l e s .  The AJ?S schematic f o r  O r b i t e r  B i s  shown i n  Figure 6-1 and de f ines  t h e  

components required t o  achieve t h e  s h u t t l e  r e l i a b i l i t y  criteria. Schematic symbols 

are def ined i n  Figure 6- la .  R e l i a b i l i t y  cr i ter ia  and d e t a i l  f a i l u r e  mode analyses  

used t o  e s t a b l i s h  schematics are def ined i n  Appendix H. 
I n s t a l l a t i o n s  of t h e  APS wi th in  t h e  v e h i c l e s  are shown i n  Appendix C. 

l o c a t i o n s  were def ined based on t h e  following cri teria:  

Figure 3-6 summarized t h e  number of t h r u s t e r s ,  t h r u s t  level  and 

The condi- 

The referenced r e p o r t  appendices provide d a t a  f o r  a l l  

Component 

(1) space s h u t t l e  requirements (Reference (b ) )  

(2) 

(3) 
Subsystem design po in t  summaries and weights are shown i n  Figure 6-2. 

non-interference wi th  o t h e r  s h u t t l e  components 

a c c e s s i b i l i t y  f o r  maintenance and in spec t ion .  

These 

design p o i n t s  were developed by analyses  t o  de f ine  APS weight s e n s i t i v i t y  t o  each 

of t h e  va r ious  design parameters. Appendix F summarizes t h e  techniques app l i ed  and 

Figure 6-3 provides an exemplory set of weight s e n s i t i v i t i e s  f o r  O r b i t e r  B y  showing 

s e l e c t e d  design po in t s .  

Component weight breakdown f o r  t hese  design p o i n t s ,  and s i g n i f i c a n t  A P S  volume 

i t e m s ,  are shown i n  Figures  6-4. Subsystem p res su re  and temperature balances are 

a l s o  defined, along with APS pump component requirements i n  Figure 6-5. 

Design p o i n t s  shown are f o r  weight optimized subsystems. 

6-1 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY I EAST 



HIGH PRESSURE APS 
SUBTASK B 

REPORT MDC E0298 
12 FEBRUARY 1971 

B 
r”l 

p: 

il I t  I m-u I I 

U 

U 

I I- 
O I- 

I- 
O I- 

2 
I- 
4: 
3 
W 
I 
5: 
m 

W 

m 
0 

e 

a 

e ce 

FIGURE 6-1 

6-2 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 



HlGH PRESSURE APS 
SUBTASK B 

REPORT MDC €0298 
12 FEBRUARY 1971 

HEAT EXCHANGER 

PARALLEL FLOW 
(SHOWN BY ARROWS) 

TWO PATHS 

8. VALVE 

a HAND OPERATED 

b e MOTOR OPERATED 

C SOLENOID OPERATED 

COUNTERFLOW 
(SHOWN BY ARROWS) 

b 

9. 
FLOW OR PRESSURE 
CONTROLLER OR 
REGULATOR 

C 

2. 

3. 

4. 

5. 

THREE PATHS _----- 

PUMP OR 
COMPRESSOR 

IMP- MOTOR 

FAN 

10. 
a 

b 

C 

d 

11, 

Y MEASUREMENTS: 
TEMPERATURE 

PRESSURE 

FLOW ORIFICE 

FLOW METER. 
ROTARY 

CHECKVALVE 

COUPLING 12, -> 
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GAS GENERATOR 6. 

LINE - 14. 

1. 

a LINE CONNECTING 
THRUSTER 

b LINE PASSING 
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DESIGN VARIABLES 

THRUSTER MIXTURE RATIO 

EXPANSION RATIO 

CHAMBER PRESSURE (LBF/IN?) 

LINE PRESSURE DROP LBFAN? 
PROP ELLANT 
TEMPERATURE (OR) - H2 

02 
THRUSTER INLET PROPELLANT 
IlNlMUM TEMPERATURE (OR) - H2 

02 
ACCUMULATOR PRESSURE 
RATIO - h!AX/SWITCH - H2/02 

SWITCH/MIN - H2/02 

PROPELLANT TANK PRESSURE 
LBF/IN?A - Hp 

THRUSTER SPECIFIC 
IMPULSE - SEC 

SYSTEM SPECIFIC 
IMPULSE - SEC 

SYSTEM MIXTURE RATIO 

02 

WEIGHT 

ORBITER B 

4 

60/12[F* 

500 

40 

37 

162 

200 

350 

2 

1.135A.13 

25 

' 30 

446.9/455.P 

416.0/423.7* 

3 -87 

35,879 

ORBITER C 

4 

60/120* 

500 

40 

37 

162 

200 

350 

2 

1.13A.125 

25 

30 

446.99/455.2* 

416.0/423.7* 

3.87 

37,070 

BOOSTER 

4 

40 

500 

40 

37 

162 

200 

350 

2 

1.24 

25 

35 

444.9 

410.0 
3.87 

5,310 

*ATTITUDE CONTROL/TRANSLATION 

TURBOPUMP APS DESIGN POINTS AND WEIGHTS 

FIGURE 6-2 
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WEIGHT - LB VOLUME - FT3 
SUBSYSTEM ELEMENTS I 

PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANTTANKAGE 
PRESSURANT AND TANKAGE 
INSULATION * 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS (3) 
TURBOPUMPS (3) 
GAS GENERATORS (3) 

FEED ASSEMBLY 
ACCUMULATORS (1) 
LINES 
REGULATORS (6) 
VALVES (THRUSTER ISOLATION (2 

AND MANIFOLD) 
THRUSTER (18/6) * 

PROPULSIVE VENT AND LINES 

6334 
1036 
450 
248 

255 
76 

679 
146 
26 

105 

275 

I TOTAL SUBSYSTEM I 35.879 I 1822 

* ATTlTUDE/TRANSLATlON 

APS COMPONENT WEIGHT BREAKDOWN 
Orbiter B 

FIGURE 6-4 
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Parametr ic  analyses  were conducted t o  de f ine  t h e  performance c h a r a c t e r i s t i c s  

These analyses included inves t iga-  of t h e  A F S  under s imulated mission operat ion.  

t i o n  of t h e  impact of var iances  i n  p rope l l an t  condi t ioning temperatures and 

pressure  r egu la to r  performance. Appendix E provides a complete summary of these 

r e s u l t s  and Figures 6-6 and 6-7 i l l u s t r a t e  t h e  opera t ion  of t h e  subsystem during 

nominal mission, i.e., wi th  a l l  components and assemblies opera t ing  a t  t h e i r  

design values .  

The r e s u l t s  shown i n  Figure 6-6 and 6-7 are based on t h e  l i n e s  being completely 

vented p r i o r  t o  sepa ra t ion  from t h e  s t a t i o n .  

show t h a t  t h i s  is  necessary t o  avoid l a r g e  mixture r a t i o  excursions.  

APS performance v a r i a t i o n s  during t h e  mission w i l l  be s a t i s f a c t o r y .  

Resul ts  presented i n  Appendix E 

With vent ing 
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I n  Subtask B, a prel iminary design of t h e  turbopump A P S  w a s  completed. This  

s tudy  provided a d e t a i l e d  d e f i n i t i o n  of component and assembly design, operat ion,  

and performance and t h e  r e s u l t i n g  A P S  performance. 

appendices of t h i s  r e p o r t  provide t h e  results of t h e  s tudy.  

The preceding s e c t i o n s  and t h e  

An assessment o f  assembly and component technology requirements w a s  a primary 

g o a l  of t h i s  s tudy.  I n  terms of t h r u s t  level f o r  a t t i t u d e  con t ro l  t o t a l  impulse 

and reuse c a p a b i l i t y ,  s h u t t l e  requirements are f a r  beyond those f o r  any prev$ous 

con t ro l  propuls ion subsystem. Therefore,  no A P S  components capable of s a t i s f y i n g  

t h e s e  requirements e x i s t  today. The prel iminary turbopump APS design descr ibed 

i n  t h i s  r e p o r t  i s  a real is t ic  configurat ion and can provide t h e  performance and 

ope ra t iona l  requirements. None of t h e  components def ined are c u r r e n t l y  a v a i l a b l e  

i n  t h e i r  c o r r e c t  s i z e ,  however, many of t h e  component types are w e l l  cha rac t e r i zed .  

Funded technology development programs are c u r r e n t l y  underway f o r  t h r u s t e r s ,  

valves ,  i g n i t i o n ,  and t h r u s t  chamber cool ing.  A d e r a i l e d  subassembly and compo- 

nent  technology c r i t i q u e  is  discussed i n  Appendix G. A summary of t h a t  c r i t i q u e  

i s  shown i n  Figure 7-1. 
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e INCREASEb COOLANT FLOW 

e PERIODIC REPLACEMENT 

EDUCED RESPONSE REQUIRE- 

FORMANCE 

PRESSURE VESSEL CYCLE LIFE 
CAPABILITY 

e CONTROL COMPONENT LIFE 
CAPABILITY VALVES, IGNITERS, 
REGULATORS 

PROPELLANT ACQUISITION 

e INCREASED DESIGN MARGIN 

m PERIODIC REPLACEMENT 

m USE OF MULTIPLE SMALL 

I NO REBURN HEAT EXCHANGER 
e HIGH PERFORMANCE I 

INSULATION REUSABILITY 
-PROPELLANTTANKS e VACUUM JACKETED DEWARS 

- DISTRIBUTION LINES VACUUM JACKETED LINES 

TURBOPUUP LIFE e REDUCE OPERATING 
CAPABILITY REQUIREMENTS 

PERIODIC REPLACEMENT 

-. 
IMPACT OF CHANGE 

e 40 LE INCREASE FOR TWICE DESIGN 
COOLANT FLOW 

.300 LB INCREASE FOR FACTOR OF 
FOUR IN EQUIVALENT START TIME 

e INCREASED APS WEIGHT, APPROXI- 
MATELY 100 LB PER SECOND Isp 
REDUCTION 

e INCREASE0 APS WEIGHT, APPROXI- 
MATELY 300 LB FOR FACTOR OF 2 
ERROR IN CYCLE CAPABILITY PRE- 
DlCTlON 

e INCREASED MAlNTENANCEflURN 
AROUND TIME 

~ 

e INCREASED APS WEIGHT, APPROXI- 
MATELY 500 LB FOR 50% INCREASE IN 
SAFETY FACTORS 

e INCREASED MAlNTElANCE/TURN 
AROUWD TUAE 

INCREASED WEIGHT (APPROXIWATELY 
400 LB), INCREASED DESIGN AND CON- 
TROL COhfPLEXITY AND REDUCE0 
APS FLEXIBILITY 

TROL COMPLEXITY WITH MULTIPLE 
OXYGEN INJECTION (IGNITION) 

APPROXIMATELY 1800 L B  

APPROXIMATELY 2200 LB 

INCREASED OPERATIONAL AND CON- 

INCREbSED APS WEIGHT, 

INCREASED APS WEIGHT, 

I INCREASED APS WEIGHT, 
APPROXIMATELY 650 LB . 

DESIGN COMPLEXITY, INCREASED APS 
D M N O R  INCREASES IN INSTALLATION/ 

WEtGHT, APPROXIMATELY 400 LB 
B INCREASED APS WEIGHT, APPROXI- 

MATELY 700 LB FOR FACTOR OF 2 
REDUCTION IN CYCLE CAPABILITY 
PREOICTION 

AROUND TIME 
I INCREASED MAINTENANCE/TURN 

CRITIQUE OF HIGH PRESSURE APS TECHNOLOGY 

FIGURE 7-1 
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Subsequent t o  Subtask A, t h e  Space S h u t t l e  Vehicle Descr ipt ion and Require- 

ments Document, Reference ( a ) ,  w a s  updated t o  r e f l e c t  revised space s h u t t l e  v e h i c l e  

requirements. Vehicle design c h a r a c t e r i s t i c s  ( including weight,  c e n t e r  of g r a v i t y  

l o c a t i o n ,  and moments of i n e r t i a )  and t h e  a c c e l e r a t i o n  requirements ( inc lud ing  

r e e n t r y  angular a c c e l e r a t i o n  and on-orbit  t r a n s l a t i o n  requirements) w e r e  revised.  

In  a d d i t i o n ,  t h e  mission t i m e l i n e  w a s  updated, thereby a f f e c t i n g  APS t o t a l  impulse 

requirements. 

Vehicles def ined f o r  Subtask B study w e r e :  

(1) 

(2) 

(e) 
A general  d e s c r i p t i o n  of t h e  missions and mission requirements t h a t  have 

O r b i t e r  B y  McDonnell Douglas design low c r o s s  range o r b i t e r  

O r b i t e r  C y  McDonnell Douglas high c ross  range o r b i t e r  

t h e  McDonnell Douglas canard boos te r .  

been i d e n t i f i e d  as being of major i n t e r e s t  i n  program planning is  shown i n  

Figure A-1. 

Missions. These mission timelines are shown i n  Figure A-2 f o r  an e a r l y  (3rd 

o r b i t )  rendezvous and i n  Figure A-3 f o r  a l a te  (17th o r b i t )  rendezvous. Figure A-4 

p resen t s  t h e  a s soc ia t ed  boos te r  t imel ine.  The mass c h a r a c t e r i s t i c s  of t h e  o r b i t e r s  

and boos te r  are shown in  Figures A-5 and A-6, r e spec t ive ly .  The maximum s k i n  o u t e r  

temperatures f o r  t h e  o r b i t e r s  and boos te r  are shown i n  Figures A-7, A-8 and A-9. 

The s h u t t l e  b a s e l i n e  missions are t h e  Space Stat ion/Base L o g i s t i c s  

An in-depth a n a l y s i s  w a s  conducted t o  update APS requirements f o r  t h e  Phase B 

po r t ion  of t h i s  study. I n  t h i s  a n a l y s i s ,  a l t e r n a t e  t h r u s t e r  l o c a t i o n s  and t h r u s t  

levels f o r  t h e  new v e h i c l e  requirements w e r e  evaluated,  and r e s u l t s  of t h e  a n a l y s i s  

( in conjunction wi th  t h e  r ev i sed  mission t ime l ines )  w e r e  used t o  update APS t o t a l  

impulse requirements.  Vehicle c h a r a c t e r i s t i c s  a t  t h e  t i m e  of i n j e c t i o n  were used 

f o r  t h i s  a n a l y s i s .  

t h r u s t  level and t o t a l  impulse requirements f o r  each v e h i c l e  configurat ion.  

following s e c t i o n s  desc r ibe  t h e  a n a l y s i s  and d a t a  used t o  arrive a t  t h e  APS 

requirements of Figure A-10. 

Resul ts  are summarized i n  Figure A-10, which shows t h e  APS 

The 
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I 16 

EVENT 

DURATION 
MINUTES 

EVENT 
CORZPLETION 
- ~- 

TIME* EVE hT PRO I? U LSIO S 1: EQ rj lli E AI E ST DE S CRI Y T IO Y - 
i .  0 Staging Separation of booster and orb i te r  

(No APS requirement)  

2. o+ Post Separation Damping of main engine cutoff and separ2tion 
t ransients .  

3. 0.7-0.8 Orienh t ion  Maneuver vehicle to r een t ry  attitude. 

4. 0.9-1. i Attitude hold *2" deadband 

5 .  1.9-6. i Ent ry  *2" deadband 

:::Tiine is referenced to Event 1 in  mimtes unless  otherwise stated. 130th 
niiniiiium and masiiiium cumulr?tive t imes  are shown. 

SPA C E STA TIOS/ B-4 SE LOG IS TIC S 11 ISSIO?; 
TIAIELINE - BOOSTER 

FIGURE A-4 

A-14 
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BOOSTER ORBITER 

1850 24 12.666* 

1850 18 0.860 

1850 33 12.766* 

I THRUST I NUMBEROF I TOTAL IMPULSE** 
LEVEL THRUSTERS (lo6 LB SEC) 

ORBITER B 

BOOSTER 

ORBITER C 

BOOSTER ORBITER 

1850 24 12.666* 

1850 18 0.860 

1850 33 12.766* 

* 100 LB-SEC MlNllUM IMPULSE BIT 
17TH ORBIT RENDEZVOUS 

**USAGE DUE TO ERRORS I N  ATTITUDE SENSORS NOT INCLUDED 

R EQUl REMENTS SUMMARY 
Subtask B 
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The APS i s  required t o  provide three-axis  t r a n s l a t i o n  and a t t i t u d e  c o n t r o l  

c a p a b i l i t y  f o r  t h e  o r b i t e r s ,  and three-axis  a t t i t u d e  c o n t r o l  c a p a b i l i t y  f o r  t he  

booster .  
A-11 and A-12. 

nominal minimum and nominal maximum, wi th  no t h r u s t e r  f a i l u r e s ,  I n  order  t o  

provide safe r e t u r n  of t h e  v e h i c l e  i n  the  event of t h r u s t e r  f a i l u r e s ,  i t  was 

f u r t h e r  required t h a t  a l l  maneuvers be performed a t  an a c c e l e r a t i o n  l e v e l  above 

minimum with two t h r u s t e r s  inopera t ive .  

Acce lera t ion  requirements f o r  t hese  func t ions  are tabula ted  i n  Figures  

All maneuvers were t o  be performed a t  an acce le ra t ion  l e v e l  between 

Several  f a c t o r s ,  inc luding  t h r u s t  l e v e l ,  number of t h r u s t e r s ,  t h r u s t e r  func t ion ,  

minimum cross  coupling, and v e h i c l e  hea t  s h i e l d  pene t r a t ion  must be considered i n  

eva lua t ing  a l t e r n a t e  t h r u s t e r  l oca t ions .  These f a c t o r s  cannot, however, be inves- 

t i g a t e d  independently,  s i n c e  they a r e  d i r e c t l y  dependent upon one another  ( i . e . ,  

g iven a c c e l e r a t i o n  requirements can be  f u l f i l l e d  by s e v e r a l  combinations of t h r u s t  

l e v e l ,  number of t h r u s t e r s ,  and t h r u s t e r  l oca t ion ) .  

r u l e s  were e s t ab l i shed .  It i s  most d e s i r a b l e  t o  use  a common t h r u s t e r  design t o  

perform a l l  APS func t ions  r a t h e r  than t o  u t i l i z e  t h r u s t e r s  of a d i f f e r e n t  t h r u s t  

However, some genera l  ground 

l e v e l  f o r  each func t ion .  

i s  requi red .  

by t a i l o r i n g  the  number of t h r u s t e r s  and loca t ions  t o  meet t h e  o v e r a l l  c o n t r o l  

requirements.  

manner t h a t  they provide moments with r e spec t  to more than one a x i s .  

group of t h r u s t e r s  can perform more than one func t ion  ( fo r  example, p i t c h  and r o l l ) ,  

r e s u l t i n g  i n  fewer t h r u s t e r s .  

I n  t h i s  manner only a s i n g l e  t h r u s t e r  development program 

Providing a common t h r u s t  l e v e l  f o r  a l l  func t ions  w a s  accomplished 

Thrus te rs  of a s i n g l e  t h r u s t  l e v e l  can a l s o  be loca ted  i n  such a 
Thus, one 

When t h e  above gu ide l ines  are combined with t h e  more obvious phys ica l  con- 

s t r a i n t s  on t h r u s t e r  l oca t ion ,  i t  becomes apparent t h a t  choice of t h r u s t e r  l oca t ions  

becomes an i t e r a t i v e  process .  A summary of t h e  Orb i t e r  B t h r u s t e r  arrangements 

which were s tudied  i s  presented i n  Figure A-13. 

t h r u s t e r s  with p i t c h  and r o l l  func t ions  coupled. 

and func t ions  f o r  t he  chosen design a r e  descr ibed i n  F igures  A-14 and A-15. 

va r ious  t h r u s t  level/number of t h r u s t e r s  combinations which were a v a i l a b l e  f o r  t h e  

chosen t h r u s t e r  arrangement are presented i n  Figure A-16 and t h e  maneuvering 

requirements and c a p a b i l i t i t e s  (given i n  terms of t o t a l  t h r u s t )  a r e  presented i n  

The chosen design u t i l i z e d  1850 1b 
The veh ic l e  t h r u s t e r  l oca t ions  

The 
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Figure A-17. As shown, t h e  chosen design r e s u l t e d  i n  a t h r u s t  l e v e l  i n  yaw and t h e  

Y and 2 d i r e c t i o n s  above the  des i r ed  nominal maximum level. For r o l l ,  requirements 

can be m e t  wi th  less than the  a v a i l a b l e  number of t h r u s t e r s  without c ros s  coupling. 

These higher  than des i r ed  acce le ra t ions  were o f f s e t  by t h e  advantage t h a t  t h i s  

approach r e s u l t s  i n  a minimum number of t h r u s t e r s  and has a common t h r u s t  l e v e l  

with the  booster  t h r u s t e r  design. 
i n  F igure  A-18, which shows t h a t ,  f o r  nominal opera t ion ,  coupling exists only i n  Y 

t r a n s l a t i o n  and yaw maneuvers. 

Operat ional  modes f o r  t h e  des ign  are presented 

A sununary of t h e  Orb i t e r  C t h r u s t e r  arrangements i s  presented i n  Figure  A-19. 

The arrangement chosen, which provides  t h e  minimum number of t h r u s t e r s  and al lows 

common t h r u s t  level wi th  the  booster  t h r u s t e r ,  was complicated by t h e  cen te r  of 

g r a v i t y  loca t ion .  

veh ic l e ,  t h e  cen te r  of g r a v i t y  i s  below the  top of t h e  hea t sh ie ld ;  t he re fo re ,  t o  

minimize c r o s s  coupling, i t  would be necessary t o  l o c a t e  t h e  t h r u s t e r s  i n  t h e  h e a t  

s h i e l d .  

cause i n  order  t o  minimize h e a t  t r a n s f e r  t o  t h e  v e h i c l e  i n t e r i o r ,  covers must be 

provided. 

axes ,  l imi t ed  the  number of f e a s i b l e  t h r u s t e r  arrangements. 

The veh ic l e  i s  so shaped t h a t  f o r  moat of the length  of t h e  

Thrus te rs  loca ted  i n  t h e  hea t  s h i e l d  cannot be used during r e e n t r y  be- 

The avoidance of hea t  s h i e l d  pene t ra t ion ,  without  excessive coupling of 

The v e h i c l e  t h r u s t e r  l oca t ions  and func t ions  f o r  t he  chosen design are descr ibed 

i n  F igures  A-20 and A-21.  

assemblies 4 and 11; however, during r een t ry ,  t h e  remaining t h r u s t e r  assemblies  

s a t i s f y  t h e  a c c e l e r a t i o n  requirements bu t  wi th  an increase i n  c r o s s  coupling. 

Spec ia l  covers are requi red  f o r  t h r u s t e r  assembly 11, but  t h r u s t e r  assembly 4 is 

loca ted  i n  t h e  nose landing gear  w e l l ;  so t h a t  t h e  landing gear  door can be  used 

t o  cover t h e s e  t h r u s t e r s  during reent ry .  

Heat s h i e l d  pene t r a t ion  could not  b e  avoided f o r  t h r u s t e r  

The t h r u s t  level/number of t h r u s t e r  combinations which were a v a i l a b l e  f o r  t h e  

chosen arrangement are presented i n  Figure A - 2 2 ,  and the  maneuvering requirements 

and c a p a b i l i t i e s  i n  terms of t o t a l  t h r u s t  are presented i n  Figure A - 2 3 .  

t h e  chosen des ign  r e s u l t e d  i n  a t h r u s t  l e v e l ,  i n  yaw and t h e  Y and 2 d i r e c t i o n s ,  

above t h e  des i r ed  level. These h igher  than des i r ed  acce le ra t ion8  were o f f s e t  by 

the  advantage t h a t  t h i s  approach r e s u l t e d  i n  a minimum number of t h r u s t e r s  and 

has  a common t h r u s t  l e v e l  with t h e  boos te r  design. 

des ign  are presented i n  Figure A - 2 4 .  

only i n  yaw and i n  p i t c h  during reent ry .  

A s  shown, 

The ope ra t iona l  modes f o r  t h e  

For nominal opera t ion ,  coupl ing is p resen t  
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A summary of t h e  booster  t h r u s t e r  arrangements which were s tud ied  i s  presented 

i n  Figure A-25. 

This  approach provided minimum number of t h r u s t e r s  and subsystem weight. 

v e h i c l e  t h r u s t e r  l o c a t i o n s  and func t ions  f o r  t h e  chosen des ign  are descr ibed i n  
Figures  A-26 and A-27. 

out  t h r u s t e r  p e n e t r a t i o n  of t h e  hea t  s h i e l d ,  

t h r u s t e r  combinations which w e r e  available f o r  t h e  chosen arrangement are presented 

i n  Figure A-28, and t h e  maneuvering requirements and c a p a b i l i t i e s  i n  terms of 

t o t a l  t h r u s t  are presented i n  Figure A-29. 

w i t h i n  t h e  d e s i r e d  range. 

F igu re  A-30. 

e f f e c t s  . 

The arrangement chosen uses  e ighteen 1850 l b  t h r u s t  level t h r u s t e r s .  

The 

This conf igu ra t ion  provided complete a t t i t u d e  c o n t r o l  with- 

The va r ious  t h r u s t  level/number of 

Thrust  levels f o r  a l l  maneuvers are 

Operat ional  modes f o r  t h e  des ign  are presented i n  

With the  except ion of t h e  double f a i l u r e  mode, t h e r e  are no coupling 
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Revisions t o  t h e  t h r u s t  level,  t h r u s t e r  l o c a t i o n s ,  v e h i c l e  c h a r a c t e r i s t i c s  

and mission timeline which were made p r i o r  t o  Subtask B a f f e c t e d  APS t o t a l  impulse 

requirements. It was ,  t h e r e f o r e ,  necessary t o  update A P S  t o t a l  impulse require-  

ments p r i o r  t o  proceeding with Subtask B. 

The main t r a n s l a t i o n  maneuver requirements are p r imar i ly  a func t ion  of t h e  +X 

v e l o c i t y  change requirements f o r  o r b i t  es tabl ishment ,  o r b i t  t r a n s f e r  and d e o r b i t .  

Operat ional ly ,  maneuvering requirements could be f u l f i l l e d  by t h e  APS a lone ,  o r  

by t h e  APS i n  conjunct ion with a s e p a r a t e l y  designed o r b i t  maneuvering subsystem 

(OMS). However, subsequent t o  Subtask A ,  NASA s e l e c t e d  t h e  ope ra t iona l  approach 

wherein t h e  APS would perform a l l  maneuver requirements,  t hus  e l imina t ing  t h e  need 

f o r  an o r b i t  maneuvering subsystem. 

f o r e ,  def ined only f o r  t h i s  o p e r a t i o n a l  approach. 

Subtask B impulse requirements w e r e ,  there- 

Mission impulse requirements were determined f o r  Orbiters B and C and the  

Booster u s ing  the  same approaches and assumptions used during Subtask A (Reference 

(b ) ) .  

rendezvous missions.  

(MIB),  l i m i t  cyc l e  impulse requirements were determined w i t h  M I B ' s  of 50, 100, and 

150 lb-sec. The r e s u l t s  of this  s tudy are presented i n  Figure A-31.  

O r b i t e r  requirements were determined f o r  both t h i r d  and seventeenth o r b i t  

I n  order  t o  demonstrate t h e  e f f e c t  of minimum impulse b i t  
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The vehicle internal environment determines the amount of heat transferred to 
the APS propellant tanks and the resultant weight penalties associated with main- 
taining the low propellant temperatures. Heat transfer from the environment to 
the cold gaseous propellants in the accumulators and lines also affect the APS 

operational characteristics. These environmental temperatures are determined by 
the local vehicle external heating rate as moderated by the thermal capacity and 
radiative properties of elements around the region of interest. The model used to 

calculate typical environments is shown in Figure B-1. 
skin, a radiation gap, a layer of Micro-Quartz, another radiation gap, and a wall 
with a thermal thickness corresponding to that of the main engine propellant tank. 
Transient calculations were directed particularly toward establishing temperature 
histories for the inner Micro-Quartz surface and the main engine propellant tank 

because these surfaces provide the surrounding environment for most of the APS 

lines and components. Results were utilized in a conservative manner. For those 
APS elements where heating was deemed desirable, the temperature was assumed to 
correspond to the lowest surrounding temperature. 
ever in all cases where heating was considered undesirable. 

It consists of an external 

The upper limit was used, how- 

Orbiter Ascent Heating - Typical vehicle side and bottom temperature histories 
during ascent are shown in Figure B-2 for areas near the main engine hydrogen tank 
and in Figure B-3 for areas near the main engine oxygen tank. 
temperatures of the main engine propellant tanks during ascent provide component 
environmental temperatures below the on-orbit temperatures. 

The cryogenic 

Orbiter On-Orbit Heating - During orbit the difference in heat flux associated 
with different vehicle locations and orbital trajectories leads to substantial 
variations in the vehicle internal environment. 
mental temperature range for components located within the vehicle are presented 
in Figure B-4 for high and low beta angle orbits where beta angle is defined by 
Figure B-5.' As a simplification, the bottom of the orbiter is assumed to always 
face the earth. 
These regions correspond to the temperature history expected for the inner surface 
of the Micro-Quartz at the top of.the vehicle, where the orbital oscillations are 
most severe, at the side where the heat flux is comparatively low, and on the 
bottom, where the thick Micro-Quartz and the relatively constant heat flux from 

Envelopes of the orbiter environ- 

For the low beta angle case, three regions have been defined. 
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t h e  e a r t h  maintains a nea r ly  constant  i n n e r  su r face  temperature. Depending upon 

t h e i r  l o c a t i o n ,  components might be  required t o  withstand e i t h e r  n e a r l y  constant  

temperature,  corresponding t o  a s i d e  o r  bottom l o c a t i o n ,  o r  o s c i l l a t i o n s  similar 

t o  those of t h e  top.  

t o  t h a t  expected f o r  t h e  f i r s t  o r b i t  as w e l l  as an approximate s t eady  s ta te  range. 

O r b i t e r  Reentry Heating - Orb i t e r  r een t ry  thermal h i s t o r i e s  are presented i n  

For t h e  high b e t a  angle  case, t h e  environment shown corresponds 

Figures  B-6 and B-7. The d i f f e r e n c e  i n  t h e  thermal h i s t o r i e s  f o r  t h e  va r ious  loca- 

t i o n s  is  caused by d i f f e r e n c e s  i n  l o c a l  hea t ing  rates and v a r i a t i o n s  i n  t h e  insula-  

t i o n  t i m e  constants .  The r e e n t r y  a n a l y s i s  shows an extremely slow cool ing rate of 

t h e  inne r  i n s u l a t i o n  s u r f a c e  even a f t e r  r e e n t r y  has  been completed. Th i s  r e q u i r e s  

t h a t  A P S  components must withstand t h e  r e e n t r y  thermal environment f o r  much longer  

than t h e  a c t u a l  t i m e  of r een t ry ;  however, n a t u r a l  convection, n o t  included i n  t h e  

a n a l y s i s ,  would provide more r a p i d  cooling than t h a t  shown. 

Booster Ascent and Reentry Heating - The thermal environment experienced by 

t h e  boos te r  is  s imi la r  t o  t h a t  of t h e  o r b i t e r  during a scen t .  The boos te r  r e e n t r y  

hea t ing  is  s u b s t a n t i a l l y  less, however, than f o r  t h e  o r b i t e r .  The boos te r  i n t e r n a l  

thermal environment was based on t h e  r a d i a t i v e  average of t h e  tank temperature and 

the  temperature of t h e  surroundings.  These estimates are shown i n  Figure B - 8  f o r  

a region nea r  t h e  canard on t h e  upper s u r f a c e  where i n t e r f e r e n c e  hea t ing  during 

a scen t  i s  s i g n i f i c a n t  and includes t h e  e f f e c t  of a r a d i a t i o n  s h i e l d  between t h e  

skin and t h e  APS components. 
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A realist ic i n s t a l l a t i o n  of t h e  APS i n t o  t h e  space s h u t t l e  must t a k e  i n t o  

considerat ion l o c a t i o n  of o t h e r  equipment and the  e f f e c t  of  environment on compo- 

nent  design and operat ion.  

main engines,  main tanks,  etc. are def ined i n  t h e  Space S h u t t l e  Vehicle Descr ipt ion 
and Requirements Documents, Reference (a). The i n t e r n a l  thermal environments are 

def ined i n  Appendix B. 

t i o n  w a s  t h e  d e s i r e  t o  e l imina te  h e a t  s h i e l d  pene t r a t ion  by t h e  t h r u s t e r s .  

a d d i t i o n  t o  component i n s t a l l a t i o n ,  a real is t ic  supply l i n e  rou t ing  w a s  required 

t o  allow modeling f o r  weight d e f i n i t i o n  and f o r  development of t r a n s i e n t  ope ra t ing  

and performance da ta .  

such as h e a t  s h o r t s  t o  t h e  v e h i c l e  s t r u c t u r e ,  component i n s t a l l a t i o n  l ayou t s  w e r e  

made t o  de f ine  t h e  d e t a i l s  of component design and attachment. 

The l o c a t i o n  of  i n t e r n a l  s h u t t l e  equipment such as 

The primary thermal c o n s t r a i n t  considered f o r  APS i n s t a l l a -  

I n  

Where s p e c i a l  i n s t a l l a t i o n  cons ide ra t ions  were requ i r ed ,  

The APS is composed of f o u r  primary assemblies;  t h e s e  are: 

(1) 
( 2 )  prope l l an t  accumulators, r e g u l a t o r s ,  valves ,  and p rope l l an t  d i s t r i b u t i o n  

t h r u s t e r  assemblies including flow c o n t r o l  valves 

l i n e s  

(3)  prope l l an t  condi t ioning assemblies,  cons i s t ing  of turbopumps, gas 

gene ra to r s ,  and reburn h e a t  exchangers 

( 4 )  prope l l an t  s t o r a g e  assembly, cons i s t ing  of tanks,  i n s u l a t i o n ,  p rope l l an t  

a c q u i s i t i o n ,  and p r e s s u r i z a t i o n  subassemblies. 

I n s t a l l a t i o n  considerat ions f o r  each of t hese  assemblies are shown i n  Figures  C-1, 

C-2, and C-3, and are discussed below. 

Figures C-4, C-5, and C-6 show t h e  s e l e c t e d  t h r u s t e r  i n s t a l l a t i o n  l o c a t i o n s  

f o r  Orb i t e r s  B and C and the  Booster, r e spec t ive ly .  

w a s  required except f o r  O r b i t e r  C. The O r b i t e r  C on-orbit (+) p i t c h  t h r u s t e r s  

are loca ted  under t h e  nose wheel door. These w i l l  no t  n e c e s s i t a t e  any a d d i t i o n a l  

h e a t  s h i e l d  doors as they are normally p ro tec t ed  during e n t r y .  The a f t  (-) p i t c h  

t h r u s t e r s  o r  O r b i t e r  C ,  which a l s o  prevent on-orbit p i t c h  coupling during t h e  r o l l  

maneuver, must be  p ro tec t ed  by a h e a t  s h i e l d  door t h a t  is  closed during en t ry .  

No h e a t  s h i e l d  pene t r a t ion  

The d e t a i l s  of t h r u s t e r  i n s t a l l a t i o n  are shown i n  Figure C-7. The t i e  p o i n t s  

t o  t h e  s t r u c t u r e  are s t r i n g e r s  which a l s o  mount t h e  v e h i c l e  s k i n  ( sh ing le s ) .  These 

s t r i n g e r s  are i n  t u r n  a t t ached  t o  t h e  main engine tank. The d i s t a n c e  between 

c- 1 
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s t r i n g e r s  can change due t o  thermal expansion and t h e  s h i n g l e s  are only r e t a i n e d ,  

no t  constrained,  as they w i l l  expand d i f f e r e n t l y  during f l i g h t .  

mounting allows t h e  d i s t a n c e  between s t r i n g e r s  t o  change and a l s o  allows t h e  

sh ing le s  t o  f l o a t  around t h e  t h r u s t e r  nozzle  without imposing t h r u s t e r  stresses 

e i t h e r  a t  t h e  mounting plane o r  a t  t h e  nozz le  e x i t .  

s e a l i n g  t h e  nozz le  with t h e  two types of v e h i c l e  s k i n  through which t h e  t h r u s t e r s  

must f i r e .  

t r a t i o n  and one is  f o r  a lower temperature s k i n  nearer t h e  v e h i c l e  top.  Access 

t o  t h e  t h r u s t e r  mounting and t o  t h e  t h r u s t e r  components f o r  adjustment o r  replace- 

ment i s  by removing t h e  s k i n  panel  surrounding the  t h r u s t e r  nozzle.  

are normally removable i n  t h e  s h u t t l e  design t o  allow replacement. 

The method of 

Also shown are methods of 

One conf igu ra t ion  i s  f o r  t h e  bottom s i d e  high temperature s k i n  pene- 

These panels  

c-9 
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C-1. ACCUMULATORS AND DISTRIBUTION LINES 

Accumulators are i n s t a l l e d  i n  c l o s e  proximity t o  t h e  condi t ioning assembly. 

The cr i ter ia  f o r  l i n e  rou t ing  w e r e  minimum weight, c o n s i s t e n t  with good i n s t a l l a -  

t i o n ,  and providing t h e  c a p a b i l i t y  f o r  l i n e  i n s u l a t i o n  in spec t ion  and replacement 

i f  required.  

which provides access f o r  i n spec t ion  and maintenance. 

i s o l a t i o n  valves w e r e  l oca t ed  t o  minimize l i n e  l eng ths  and number of i s o l a t i o n  

valves w i t h i n  t h e  v e h i c l e  phys i ca l  i n s t a l l a t i o n  c o n s t r a i n t s .  

The main p rope l l an t  l i n e s  are routed adjacent  t o  t h e  payload bay 

Manifolds and manifold 

The r e s u l t i n g  l i n e  l eng ths  and s i z e s  f o r  t h e  v e h i c l e s  are shown i n  Figures  

C-8, C-9 and C-10. The i n s t a l l a t i o n  of l i n e s  between manifolds and accumulators, 

i .e.,  main d i s t r i b u t i o n  l i n e s ,  are implemented wi th  expansion j o i n t s  , pres su re  

balanced compensators and l i n e  supports  as shown i n  Figure C - 1 1  (Orbi ter  B). The 

l i n e s  t o  t h e  ind iv idua l  t h r u s t e r s  from the  manifold are i n s t a l l e d  such t h a t  bends 

and, i f  necessary,  loops provide expansion c a p a b i l i t y .  The l i n e  rou t ings  t o  t h e  

L i n e  connections are shown i n  Figure C-12. Connections w i l l  b e  bo l t ed  f l anges  

with redundant seals i n  l o c a t i o n s  which are a c c e s s i b l e  t o  allow i n s t a l l a t i o n  and, 

i f  necessary,  removal and replacement. The o t h e r  type of connectors,  e i t h e r  

swaged o r  welded, w i l l  b e  u t i l i z e d  i n  areas t h a t  are not  a c c e s s i b l e  and f o r  l i n e s  

which are n o t  thought t o  r e q u i r e  any maintenance f o r  t h e  v e h i c l e  l i f e t i m e .  

The type of l i n e  i n s u l a t i o n  t o  b e  used w a s  def ined as a r e s u l t  of a t r a d e  

study which compared a l t e r n a t e  methods of i n s u l a t i o n .  The a l t e r n a t e  means of 

i n s u l a t i o n  considered were: 

(1) vacuum jacketed l i n e s  

(2) l i n e s  i n s u l a t e d  with high performance m u l t i l a y e r  i n s u l a t i o n ,  p ro t ec t ed  

by a f l e x i b l e  cover. 

The vacuum jacke ted  l i n e  would b e  implemented as shown i n  Figure C-13. The 

weight comparison of t h e  a l t e r n a t e s  is shown i n  Figure C-14. 

va r ious  methods of implementing bo th  the vacuum j a c k e t i n g  and p r o t e c t i o n  of t h e  

high performance i n s u l a t i o n .  

approaches showed t h a t  vacuum j a c k e t i n g  would r e s u l t  i n  high weight p e n a l t i e s  and 

Also shown are t h e  

Comparison of t h e  weight and complexity of t hese  

c-10 
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t he  i n s t a l l a t i o n  would be  q u i t e  complex. 

approach w a s  s e l e c t e d  f o r  f e e d l i n e  i n s u l a t i o n  . 
For these  reasons,  t h e  f l e x i b l e  j a c k e t  

The i n s u l a t i o n  thicknesses  and a s soc ia t ed  temperature rise rate of t h e  pro- 

p e l l a n t s  w i t h i n  t h e  l i n e s  is  defined i n  Appendix E. The requirement t o  l i m i t  

t h r u s t e r  mixture r a t i o  excursions w a s  t h e  cr i ter ia  used t o  d e f i n e  t h e  required 

l i n e  i n s u l a t i o n  thickness .  
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The conditioner assemblies are mounted in as close proximity to the propellant 
tank outlet as allowed by physical constraints. With the oxygen tank and con- 
ditioner mounted forward of the payload bay, excessive weight penalities would 

be involved in ducting conditioner vent gas to the vehicle aft end; therefore, 
venting is accomplished on the vehicle side near the conditioner. 
propulsive venting is at 90" to the vehicle center line and the propulsive 
venting is 45" aft. 

The non- 
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The p r o p e l l a n t  s t o r a g e  assembly loca t ions  were constrained t o  be those 

defined i n  Reference (a). 
gen tank a f t  of t h e  payload bay. 

however, t h e  hydrogen required two tanks because of  phys i ca l  i n s t a l l a t i o n  con- 

s t r a i n t s .  The def ined l o c a t i o n s  provide ready access f o r  maintenance and/or 

i n s t a l l a t ion / r emova l  through t h e  payload doors. 

g l a s s  s t r u t s  i n  t h e  form of 6.0 i n .  diameter tubes ranging i n  thickness  from 

,035 t o  0.10 i n .  

due t o  loads and thermal expansions. 

Appendix D-1 .9. 

For O r b i t e r  B t h e  oxygen tank i s  forward and t h e  hydro- 

O r b i t e r  C r equ i r ed  both p r o p e l l a n t s  t o  be a f t ;  

The tanks are mounted by f i b e r -  

P i n  j o i n t s  a t  t h e  attachment p o i n t s  accommodate d e f l e c t i o n s  

The attachment i s  defined i n  d e t a i l  i n  
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APPENDIX D 

BASELINE COMPONENT AND ASSEMBLY CONCEPTS 

Component and assembly concepts of the Subtask A study were used for APS 

trade studies only. 
characteristics was not warranted except in specific instances where it could 
significantly affect the APS trade study results. 
design, all component and assembly concepts were reevaluated to the depth neces- 
sary for preliminary design of the recommended subsystem. 

A detailed evaluation of component design and operational 

During Subtask B preliminary 

Trade studies of the propellant tankage assembly, conditioner assembly, and 
thruster concepts were conducted to determine optimum overall APS performance. 
These analyses resulted in selection of baseline component and assembly concepts. 
For these selected concepts detailed design and operating characteristics were 
defined. This appendix describes results of this analysis and provides data and 
rationale used in concept selection. 
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D-1. PROPELLANT STORAGE, ACQUISITION, AND PRESSURIZATION 

The A P S  uses hydrogen and oxygen p rope l l an t  s t o r e d  i n  a subcooled s ta te  t o  

provide t h e  t o t a l  impulse required f o r  v e h i c l e  con t ro l .  

d e l i v e r s  t hese  p rope l l an t s  from cryogenic s t o r a g e  tanks t o  t h e  p r o p e l l a n t  condi- 

t i o n e r  assembly a t  t h e  p re s su re  and flow required f o r  APS operat ion.  

operat ion r e q u i r e s  t h a t  t h e  p rope l l an t  temperature and p res su re  be  such t h a t  a n e t  

p o s i t i v e  s u c t i o n  p res su re  i s  a v a i l a b l e  a t  t h e  pump i n l e t .  

low-g po r t ions  of f l i g h t ,  t h e  p rope l l an t  tank o u t l e t  must b e  covered w i t h  propel- 

l a n t  s o  t h a t  p re s su ran t  gas i s  no t  introduced i n t o  t h e  pump i n l e t .  These require-  

ments demand a tankage assembly with an e f f i c i e n t  p rope l l an t  a c q u i s i t i o n  subassem- 

b l y ,  a p rope l l an t  temperature c o n t r o l  subassembly, and a p r e s s u r i z a t i o n  subassembly. 

A turbopump assembly 

Turbopump 

I n  a d d i t i o n ,  during 

During Subtask A, analyses  and t r a d e  s t u d i e s  w e r e  conducted t o  i d e n t i f y  pre- 

l iminary p r o p e l l a n t  s t o r a g e  assembly s e l e c t i o n s .  It w a s  concluded t h a t  i n t e g r a t e d  

APS and OMS tankage was the  most a t t rac t ive  of t h e  concepts evaluated. It w a s  a l s o  

concluded t h a t  a simple,  r egu la t ed  p res su re ,  helium p r e s s u r i z a t i o n  subassembly w a s  

most at tractive f o r  both t h e  hydrogen and oxygen tanks.  Component models used t o  

conduct Subtask A analyses  w e r e  not s o p h i s t i c a t e d ,  and ( e s p e c i a l l y  i n  t h e  case of 

t h e  p rope l l an t  pos i t i on ing  and vent subassemblies) design d e t a i l s  were not  impor- 

t a n t  s i n c e  t h e s e  had l i t t l e  e f f e c t  on subsystem weight. During Subtask B y  i t  w a s  

necessary t o  conduct t h e  d e t a i l e d  analyses  required t o  d e f i n e  more accu ra t e ly  t h e  

design and performance of p rope l l an t  tankage assemblies and t o  confirm and/or 

update t h e  p rope l l an t  i n t e g r a t i o n  approach s e l e c t e d  i n  Subtask A. 

For t h e s e  analyses ,  b a s e l i n e  tank s i z e s  were e s t a b l i s h e d  based on Subtask A 

requirements,  a l t e r n a t e  des ign  approaches f o r  d i f f e r e n t  tankage assemblies w e r e  

i n v e s t i g a t e d ,  p r e f e r r e d  approaches were s e l e c t e d ,  and design and performance 

c h a r a c t e r i s t i c s  were e s t ab l i shed .  

S i g n i f i c a n t  APS tankage requirements a f f e c t i n g  prel iminary design are shown 

i n  Figure D-1. 

D - 1 . 1  P rope l l an t  Acquis i t ion Subassembly - A p rope l l an t  pos i t i on ing  device 

is  required i n  t h e  A P S  tankage t o  ensure l i q u i d  outflow during t h e  low-g o r b i t a l  

phases of t h e  mission. During these  mission phases,  v e h i c l e  a c c e l e r a t i o n s  tend 

t o  randomly o r i e n t  t h e  bulk p rope l l an t  mass w i t h i n  t h e  t ank ,  with t h e  p o t e n t i a l  

of uncovering t h e  tank o u t l e t  and causing a l o s s  of p re s su ran t  gas and interup-  

t i o n  of l i q u i d  flow. Some device i s  required t o  e i t h e r  t o t a l l y  c o n s t r a i n  t h e  
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l i q u i d  a t  t h e  tank o u t l e t  o r  t o  provide a pa th  of communication from t h e  l i q u i d  

mass t o  t h e  tank o u t l e t .  To ta l  c o n s t r a i n t  by p o s i t i v e  expulsion was  imprac t ica l  

because of t h e  tank s i z e ,  t h e  number of cyc le s  requi red  f o r  reuse,  and t h e  cryo- 

genic  na tu re  of t h e  p rope l l an t .  

a su r face  tens ion  screen device t o  provide a flow pa th  t o  t h e  tank o u t l e t .  

The only reasonable  approach a v a i l a b l e  w a s  t o  use  

Surface tens ion  devices  have been successfu l ly  used on s e v e r a l  v e h i c l e s  includ-  

These devices  have been ing  the  Agena, Apollo, X-15, and drone and t a r g e t  a i r c r a f t .  

sub jec t  t o  ex tens ive  l abora to ry  t e s t i n g .  

moving p a r t s ,  r e s u l t i n g  i n  high r e l i a b i l i t y  and mul t icyc le  reuse  c a p a b i l i t y .  Suf f i -  

c i e n t  design information was  a v a i l a b l e  t o  e s t a b l i s h  wi th  high confidence t h a t  a sur- 

f ace  t ens ion  assembly could be designed f o r  o r b i t e r  app l i ca t ion .  

processes  assoc ia ted  with t h e  su r face  tens ion  concepts are shown i n  Figure D-2. 

Under normal opera t ion ,  t h e  screen i s  completely wetted on one s i d e .  

t a c t s  t h e  screen  on the  o the r  s i d e ,  su r f ace  tens ion  fo rces  prevent movement of t h e  

vapor through t h e  screen. When l i q u i d  is  i n  contac t  on t h e  o ther  s i d e ,  l i q u i d  i s  

free t o  travel from one s i d e  t o  t h e  o ther  as t h e  su r face  tens ion  e f f e c t  is  not  

They are pass ive  i n  na tu re  and have no 

Basic phys ica l  

If gas con- 

Thus, successfu l  a c q u i s i t i o n  of t h e  l i q u i d s  w i l l  be achieved u n t i l :  

t h e r e  is  no l i q u i d / l i q u i d  i n t e r f a c e  

a c c e l e r a t i o n  f o r c e s  of s u f f i c i e n t  maznitude t o  exceed su r face  t ens ion  

pressure  c a p a b i l i t y  are present  

hea t ing  below t h e  screen causes vapor iza t ion  on t h e  l i q u i d  s i d e  and hence 

a gas/gas  i n t e r f a c e  ac ross  t h e  screen. 

t ens ion  screen would p r e f e r e n t i a l l y  flow pressurant  gas. 

I n  t h i s  case) t h e  surface 

D-1.2 Acquis i t ion Concepts and Se lec t ion  - Three bas i c  a c q u i s i t i o n  assembly 

designs are ava i l ab le .  

f i r s t  a c q u i s i t i o n  device c o n s i s t s  of a screen  configured t o  l o c a t e  t h e  screen  sur-  

f a c e  i n  c l o s e  proximity t o  t h e  tank w a l l ,  i.e., a w a l l  o r i en ted  screen. With t h i s  

approach, l i q u i d  withdrawal i s  poss ib l e  as long as l i q u i d  i s  i n  contac t  w i th  t h e  

These are i l l u s t r a t e d  schematical ly  i n  Figure D-3.  The 

tank w a l l .  This approach is, the re fo re ,  mission-independent, s i n c e  t h e  l i q u i d s  

are wet t ing  and w i l l  always assume a w a l l  contac t  o r i e n t a t i o n .  

i s  a start basket .  

r e f i l l e d  by t r a n s l a t i o n  acce le ra t ions  p e r i o d i c a l l y  during t h e  mission. 

r equ i r e s  two tank o u t l e t s  s ince  t h e  l a r g e  +X t r a n s l a t i o n  a c c e l e r a t i o n  w i l l  

sett le p rope l l an t  i n  t h e  -X end of t h e  tank ( r e f i l l i n g  t h e  basket)  while e n t r y  

dece le ra t ions  w i l l  set t le t h e  p rope l l an t  i n  t h e  -Z o r  bottom of t h e  tank. The 

t h i r d  a c q u i s i t i o n  candidate  is  a hybrid assembly combining t h e  start basket wi th  

The second device 

This approach i s  mission-dependent, because i t  must be 

It a l s o  
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Hybrid 

1. MUST BE LAUNCHED FULL 1. PARTIAL FULL LAUNCH POSS’BLE 
2. MISSION-INDEPENDENT. NO 2. TWO TANK OUTLETS REQUIRED 

3. SINGLE TANK OUTLET REQUIRED 
4. LARGE SIZE REQUIRES FINE 4. LIQUID “FALLOUT” DURING OUT- 

5. LOW-G TRANSFER CAPABILITY 

SETTLING REQUIRED 3. MISSION-DEPENDENT. SETTLING 

SCREEN MESH FLOW IN LATERAL ACCELERATION 

1. PARTIAL FULL LAUNCH POSSIBLE 
2. SINGLE TANK OUT 
3. BASKET SIZED TO PROVIDE LIQUID 

WHEN LIQUID IS IN . X END OF 
TANK 

4. SOMESETTLING STILL REQUIRED 
5. NO “FALLOUT” DURING LATERAL 

ACCELERATION 

ACOU iSlTl ON DEVICE CANDID A T  ES 

FIGURE D-3 
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a w a l l  o r i en ted  approach. 

s t i l l  mission-dependent s i n c e  t h e  baske t  must be r e f i l l e d  pe r iod ica l ly .  

o r i en ted  device w a s  s e l e c t e d  because i t  is  mission-independent, does n o t  r equ i r e  

two o u t l e t s ,  and does n o t  r e q u i r e  r e f i l l .  

Only a s i n g l e  tank o u t l e t  is  needed, but t h e  device is 

The w a l l  

Several  a l t e r n a t e s  could b e  conceived f o r  a w a l l  o r i en ted  pos i t i on ing  

approach. The most conventional of  t hese  is  a continuous tank l i n e r  made of 

sc reen .  

t e s t i n g ,  bu t  w a s  considered t o  be impractical f o r  a l a r g e  tank because of  f a b r i -  

c a t i o n  d i f f i c u l t y  and boost u l l age  cons idera t ions .  

This approach has received t h e  most a t t e n t i o n  i n  exploratory development 

An a l t e r n a t e  and more p r a c t i c a l  conf igura t ion  is  a screen channel device,  

i l l u s t r a t e d  i n  Figures D-4 and D-5. 

are loca ted  wi th in  the  p rope l l an t  tank i n  c lose  proximity t o  t h e  w a l l .  These 

assure  contact  between the  l i q u i d  and the  pos i t i on ing  device under any random 

o r i e n t a t i o n  condi t ions .  The device i s  i n s e n s i t i v e  t o  boost acce le ra t ions  a s  t h e  

t r ays  are submerged during boost ,  and i t  is t h e  most p r a c t i c a l  design approach 

from f a b r i c a t i o n  and screen  s i z e  s tandpoin ts .  

t o  check t h e  screen  bubble p o i n t  pressure  a f t e r  complete tank assembly. 

Several aluminum channels o r  annular t r ays  

The design provides the  c a p a b i l i t y  

D-1.3 Design - The p rope l l an t  a c q u i s i t i o n  device cons i s t s  of t h r e e  screen 

channels o r  t r a y s ,  around t h e  circumference of t he  p rope l l an t  tank and a s i n g l e ,  

enclosed c o l l e c t o r  channel which connects each annular  t r a y  t o  t h e  sump (Refer- 

ence Figures D-4 and D-5). 

(o r  +X> a x i s  of t he  veh ic l e  and the  sump i s  loca ted  i n  the  tank bottom (o r  t he  

-Z> extremity of t he  tank. 

f ace  screen  loca ted  wi th in  t h e  feed l i n e  below the  sump. The feed l i n e  below 

t h i s  sc reen  is  connected t o  the p rope l l an t  tank by a small vapor r e l i e f  l i n e  t o  

a l low by-pass of any vapor developed i n  the  l i n e  back i n t o  the  tank vapor region.  

Screen a c q u i s i t i o n  device operat ion is  the  same f o r  both f u e l  and ox id ize r  tanks.  

The s o l i d  po r t ions  of t he  t r a y s  are formed from 0.02 inch aluminum shee t .  The 

cen te r  w a l l  i n  t h e  channel i s  present  t o  inc rease  the  r i g i d i t y  of  the  box cross  

s e c t i o n .  It i s  a n t i c i p a t e d  t h a t  t h e  channels would be f ab r i ca t ed  i n  q u a r t e r  

s e c t i o n s ,  inspec ted ,  and then joined togehter  i n s i d e  the  tank. Each q u a r t e r  

s e c t i o n  has  two po in t s  of attachment t o  the  tank w a l l .  A t  these  po in t s ,  t h in ,  

low conduct ivi ty  f i b e r g l a s s  rods  support  t he  channel. 

The annular t r a y s  are normal t o  the  long i tud ina l  

The tank o u t l e t  has a cone-shaped vapor / l iqu id  i n t e r -  

D-1.4 Operation - It i s  a requirement t h a t  t h e  screen  sur faces  contac t  

t h e  bulk l i q u i d  throughout t h e  mission and t h a t  channels remain. completely f u l l  
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of l i q u i d  a t  a l l  t i m e s .  

pass l i q u i d  t o  t h e  feed system i f  i t  is  i n  contac t  with a l i q u i d  mass. 

o r i en ted  na tu re  of t h e  screen  device ensures  t h a t  contac t  w i l l  b e  made. Screen 

mesh and flow passage dimensions are s e l e c t e d  s o  t h a t  t h e  pressure  drop across  t h e  

sc reen  vapor / l iqu id  i n t e r f a c e  never exceeds t h e  screen  bubble po in t  p r i o r  t o  

r een t ry .  

ne l s .  

of t h e  vehic le .  The o the r  two channels r equ i r e  a f i n e r  mesh t o  withstand hydro- 

s ta t ic  head, e x i s t i n g  during per iods of high maneuver acce le ra t ions  and low pro- 

p e l l a n t  loading. 

During outflow, t h e  a c q u i s i t i o n  device w i l l  s e l e c t i v e l y  

The w a l l -  

Two d i f f e r e n t  mesh s i z e s  have been s e l e c t e d  f o r  use i n  t h e  screen  chan- 

A r e l a t i v e l y  coarse  mesh can be  used i n  the screen  channel near  t h e  a f t  end 

Screen channel r i n g  placement wi th in  t h e  p rope l l an t  tank w a s  based on propel- 

Approximately 3 percent  of t h e  propel lan t  w i l l  be l a n t  q u a n t i t i e s  p r i o r  t o  en t ry .  

i n  t he  APS tank p r i o r  t o  e n t r y  and i t  w i l l  be s e t t l e d  i n  t h e  -X end of t h e  tank 

during t h e  deo rb i t  burn. 

l i q u i d  s u r f a c e  a t  t h i s  p rope l l an t  loading. 

w i l l  be  r eo r i en ted  t o  t h e  tank sump by e n t r y  drag fo rces ;  t he re fo re ,  it w i l l  remain 

i n  contac t  wi th  one o r  both of the remaining screen  channels. High +Z a c c e l e r a t i o n  

l e v e l s  during en t ry  w i l l  exceed t h e  s t a b i l i t y  l i m i t  of t h e  a c q u i s i t i o n  device.  

When t h i s  occurs ,  p ressurant  e n t e r s  t he  screen  channels,  t h e  l i q u i d  l e v e l s  

w i th in  t h e  channels,  and t h e  c o l l e c t o r s  w i l l  quickly drop u n t i l  they match approx- 

imately t h e  l i q u i d  l e v e l  i n  t h e  tank bottom (-2). 

The bottom screen  channel i s  placed j u s t  below t h e  bulk 

Subsequent t o  deo rb i t  burn, p rope l l an t  

D-1.5 Insu la t ion  - Considerable research  has been, and is  being,  devoted t o  

development of high performance i n s u l a t i o n  (HPI) concepts.  

cep ts  u t i l i z e  shee t s  of h ighly  r e f l e c t i v e  meta l l ized  p l a s t i c  f i lm ,  such as alumi- 

nized mylar, made i n t o  b lankets .  Separat ion of t h e  shee t s  i n  the  b lankets  i s  

provided by embossing o r  f locking  the  b a s i c  f i l m  material o r  by using a sepa ra to r  

shee t  such as dacron n e t t i n g  o r  g l a s s  f a b r i c s .  

I n  genera l ,  HPI con- 

Many design v a r i a t i o n s  are p o s s i b l e  
and separate technology s t u d i e s  are cu r ren t ly  under way t o  e s t a b l i s h  optimum HPI 

s h u t t l e  designs.  

approaches would have l i t t l e  e f f e c t  on o v e r a l l  s to rage  weight. 

a t y p i c a l  HPI concept was  s e l e c t e d  and used t o  optimize the.needed amount of insu- 

l a t i o n ,  and to def ine  reasonable p rope l l an t  s to rage  and vent l o s ses .  

For purposes of t h i s  s tudy ,  however, d i f f e rences  i n  a l t e r n a t e  HPI 

For t h i s  reason,  

D-1.6 Insu la t ion  Select ion/Optimizat ion - MDAC-East (under an i n s u l a t i o n  

technology s tudy wi th  NASA, Contract No. NAS 8-21400) has inves t iga t ed  var ious  

HPI concepts.  Based on t h i s  e f f o r t ,  t y p i c a l  i n s u l a t i o n  c h a r a c t e r i s t i c s  were 
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s e l e c t e d  f o r  APS tankage a n a l y s i s .  

nized 0.15 m i l  mylar (DAM) r e f l e c t o r s  w i t h  a dacron net sepa ra to r .  A dens i ty  of 

5 l b / f t  

i n s u l a t i o n .  

test of b l anke t  samples. Figure D-6 shows t h e  b a s i c  i n s u l a t i o n  characteristics and 

e f f e c t i v e  conduct ivi ty  degradat ion caused by p e r f o r a t i o n s ,  j o i n t s ,  and attachments.  

Data of Figure D-6, t oge the r  w i t h  b a s e l i n e  p rope l l an t  requirements,  were used t o  

optimize HPI thickness  f o r  t h e  s h u t t l e  mission. I n s u l a t i o n  thickness  w a s  based on 

providing a maximum s t o r a g e  e f f i c i e n c y ,  (i.e., r a t i o  of usable  p r o p e l l a n t  vapori-  

z a t i o n  t o  boi l -off) .  

assembly, which converts h e a t  i npu t  i n t o  hydrogen vaporizat ion.  Resul t ing optimum 

number of i n s u l a t i o n  l a y e r s ,  and t o t a l  weight of p rope l l an t  vented (assuming no 

h e a t  s h o r t s )  are shown i n  Figure D-7 as a func t ion  of o r b i t  t i m e .  Optimum insu la -  

t i o n  f o r  t h e  O r b i t e r  B hydrogen tank has 62 s h e e t s ,  0.68 i n .  t h i c k ,  weighing 222 l b .  

The s e l e c t e d  scheme is  made up of double alumi- 

3 based on s h e e t  d e n s i t y  of 90 sheets per  inch is  r e p r e s e n t a t i v e  of  t h i s  

This i n s u l a t i o n  has  been experimentally evaluated through ca lo r ime te r  

This assumption accords with t h e  thermal vent/shroud sub- 

D-1.7 Reusab i l i t y  Characteristics - One of t h e  major concerns i n  i n s u l a t i o n  

High confidence can be  placed i n  t h e  pre- design is  t h e  r e u s a b i l i t y  requirement. 

d i c t i o n  of b a s i c  HPI h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  and thermal performance; how- 

ever, e f f e c t s  of m u l t i p l e  vent ing and p r e s s u r i z a t i o n  cyc le s  are n o t  known. Data 

are a v a i l a b l e  t o  show t h a t  unprotected i n s u l a t i o n  would f r e e l y  ven t  during a scen t  

without  s i g n i f i c a n t  p r e s s u r e  g r a d i e n t s ,  b u t  no d a t a  are a v a i l a b l e  t o  show t h e  

e f f e c t s  of r e e n t r y  on HPI performance. 

densat ion w i t h i n  t h e  mylar l a y e r s  can cause severe degradation i n  thermal charac- 

teristics. Condensing and f r eez ing  water w i t h i n  t h e  l a y e r s  can remove t h e  alumi- 

num coa t ing  from t h e  mylar. Thus, a means of p r o t e c t i n g  t h e  i n s u l a t i o n  from 

atmospheric contamination is  required.  

i n s u l a t i o n  concepts,  t h e i r  performance, and s e l e c t i o n  of t h e  p re fe r r ed  concept. 

Three b a s i c  i n s u l a t i o n  concepts ( i l l u s t r a t e d  i n  Figure D-8) were evaluated 

It is  known, though, t h a t  any form of con- 

The following paragraphs desc r ibe  candidate  

f o r  t h e  hydrogen tank. 

gas. This allows use of a semi r ig id  cover,  o r  f l e x i b l e  bag,  t o  p r o t e c t  t h e  HPI. 
E f f e c t i v e  conduc t iv i ty  of t h e  i n s u l a t i o n  approaches t h a t  of  t h e  purge gas during 

nonvented condi t ions.  

The s imples t  uses  an i n s u l a t i o n  purge with a noncondensable 

The second approach i s  a s u b s t r a t e  concept, i n  which foam i n s u l a t i o n  i s  used 

The foam has a lower conduct ivi ty  than helium-purged HPI, and i t s  under t h e  HPI ,  

th ickness  i s  s i z e d  s o  t h a t  n i t r o g e n  can be  used f o r  a scen t  purging r a t h e r  than 

helium ( i . e . ,  foam provides s u f f i c i e n t  temperature d i f f e r e n t i a l  t o  prevent  n i t r o -  

gen condensation).  For r e e n t r y ,  t h e  foam w i l l  b e  a t  t h e  temperature of t h e  l i q u i d  
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prope l l an t .  

(helium) purge (concept B-1) o r  helium purge followed by n i t rogen  purge (concept 

B-2) w i l l  b e  required during reentry.  

Thus, t o  avoid cryopumping on t h e  hydrogen tank,  a noncondensing gas 

The t h i r d  p r o t e c t i o n  concept employs a double-walled dewar tank and maintains 

t h e  i n s u l a t i o n  i n  a vacuum. This obviously r e s u l t s  i n  maximum thermal performance, 

because t h e  i n s u l a t i o n  is  always i n  a vacuum and b o i l o f f  l o s s e s  during boost  and 

e n t r y  are minimized; however, t h e  o u t e r  vacuum j a c k e t  i s  a s i g n i f i c a n t  s t r u c t u r a l  

element, r ep resen t ing  a high weight penal ty .  

P rope l l an t  l o s s e s  f o r  a t y p i c a l  mission were ca l cu la t ed  f o r  t h e  t h r e e  con- 

cepts .  These are shown i n  Figure D-9. The simple purge approach has extremely 

high l o s s e s .  

is  s t i l l  g r e a t e r  than t h e  dewar configurat ion which s u f f e r s  minimum p r o p e l l a n t  

loss. 

The s u b s t r a t e  concept reduces these  by a f a c t o r  of nea r ly  f i v e  b u t  

Figure D-10 compares t o t a l  weight pena l ty  f o r  several a l t e r n a t e  approaches, 

including purge systems using d i f f e r e n t  gases. 

dewar are obviously noncompetitive from a weight s tandpoint .  Other candidates 

are r e l a t i v e l y  close.  On t h i s  b a s i s ,  t h e  p re fe r r ed  configurat ion f o r  hydrogen 

is a purged foam s u b s t r a t e .  

using a dua l  r e e n t r y  purge (helium followed by n i t o r g e n ) ,  t h e  weight pena l ty  i s  

s m a l l .  For t h e s e  reasons a s imple s i n g l e  purge system (n i t rogen  f o r  a scen t  and 

helium f o r  r een t ry )  w a s  s e l e c t e d .  

can b e  used f o r  purge without  a s u b s t r a t e .  

concepts is shown i n  Figure D-11. Weight p e n a l t i e s  are smaller, and there is 

gene ra l ly  less d i f f e r e n c e  between concepts than i n  t h e  hydrogen systems. 

a dewar tank, o r  a simple n i t r o g e n  purge system, appears p r a c t i c a l .  

f o r  t h e  hydrogen systems, t h e  dewar weights are o p t i m i s t i c s ;  t h e r e f o r e ,  t h e  

n i t rugen  purge system w a s  s e l e c t e d  f o r  oxygen. 

The simple purge system and t h e  

Although t h e  weight pena l ty  could b e  reduced by 

For t h e  oxygen assembly, gaseous n i t rogen  

Performance of candidate  oxygen 

E i the r  

As i s  t r u e  

D-1.9 

h e a t  t r a n s f e r  through t h e  tank w a l l .  I n  any cryogenic tankage design, however, 

it i s  necessary t o  give c a r e f u l  a t t e n t i o n  t o  t h e  var ious h e a t  s h o r t s  a s soc ia t ed  

wi th  tank mounting s t r u c t u r e  and f eed l ines .  

support  w i th  low conduct ivi ty  t r u s s e s  must b e  used t o  provide low support  l o s s e s .  

Figure D-12 shows t h e  in f luence  of support  materials on general  thermal perfor-  

mance. A s  shown, f i b e r  g l a s s  is  one of  t h e  most a t t ract ive materials f o r  tank 

support  because of i ts  high s t r e n g t h ,  low dens i ty ,  and low conduct ivi ty .  Figure D-13 

Tank H e a t  Shorts  - The m u l t i l a y e r  HPI i s  used t o  reduce p rope l l an t  

Previous s t u d i e s  have shown t h a t  p o i n t  

D-15 
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LO2 VENT LOSS 

HAFLDWARE WEIGHTS 

INCREASED TANKAGE 

FOAM INSULATION 

H P I  JACKET 

PURGE GAS SUPPLY 

I TOTAL WEIGHT PENALTY 

Nz PURGE 

70 LB 

2 

54 

31 - 
87 

157 LB 

DEWAR TANK 

34 

1 

220 

221 

255 LB 

L O 2  T H E R M A L  P R O T E C T I O N  C O M P A R I S O N  

O R B I T E R  B 
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SUPPORT LENGTH 7’12.5 Fc 

0.1 

I A L U M I N U M 4  
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10-7 
CONDUCTIVITY 

SUPPORT 
YIELD LB-HR OR 

INFLUENCE OF SUPPORT fJATERIAL SELECTION ON HEAT FLUX 
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shows a t y p i c a l  l ayou t  f o r  a tubu la r  s t r u t  tank support  system. 

dimensions, weight,  and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  are a l s o  shown. Analyses 

were conducted t o  i d e n t i f y  t h e  h e a t  s h o r t  through t h e  var ious feed l ines t o  t h e  

tank. These r e s u l t s  are shown i n  Figure D-14.  

P r a c t i c a l  s t r u t  

D-1.10 Vent/Conditioning Assembly - Long term s t o r a g e  of cryogenics r e q u i r e s  

One technique converts  vented tank temperature c o n t r o l  t o  avoid excessive l o s s e s .  

l i q u i d  t o  gas i n  a h e a t  exchanger and u t i l i z e s  t h e  h e a t  of vapor i za t ion  f o r  cool ing.  

The operat ion of t he  device is  i l l u s t r a t e d  i n  Figure D-15. Liquid hydrogen e n t e r s  

t h e  vent  system a t  condi t ion A, and is t h r o t t l e d  t o  po in t  B t o  reduce i t s  tempera- 

t u r e .  After  t h r o t t l i n g ,  a two-phase mixture exists which i s  c i r c u l a t e d  i n  a 

h e a t  exchanger. Heat t r a n s f e r  completes t h e  vapor i za t ion  u n t i l ,  a t  t h e  h e a t  

exchanger discharge,  t h e  coolant  has been completely vaporized (Point  C). 

D - 1 . 1 1  Vent Operation - The s e l e c t e d  vent  i n  which l i q u i d  hydrogen is  

e x t r a c t e d  from t h e  l i q u i d  pos i t i on ing  device ope ra t e s  continuously.  Figure D-16 

is  a schematic of t h e  ven t  concept. 

feed line/sump cooling, one f o r  tank support  cool ing,  one f o r  cool ing of t h e  s t o r -  

age tank i n s u l a t i o n  and p r e s s u r i z a t i o n  l i n e s ,  and one f o r  turbopump cooling. 

f i r s t  two cool ing c i r c u i t s  are e s s e n t i a l l y  t h e  same f o r  a l l  h e a t  exchanger approaches. 

A l l  f ou r  c i r c u i t s  are t h r o t t l e d  t o  t h e  same p res su re ,  s o  t h a t  downstream pressure 

remains constant .  

t o  reduce i t s  temperature by approximately 7'R. 
d i f f e r e n c e  i n  t h i s  manner allows the  h e a t  exchanger design t o  b e  made independent 

of f i n a l  tank p res su re  s e l e c t i o n .  Seven degrees Rankine w a s  found t o  g ive  a good 

balance between number of c o i l s  f o r  feed line/sump cool ing and reasonable s i z e s  

f o r  t h e  i n s u l a t i o n  cool ing h e a t  exchanger. 

tank cool ing c i r c u i t  i s  used t o  provide oxygen tank cooling. 

There are f o u r  p a r a l l e l  c i r c u i t s :  one f o r  

The 

Hydrogen i s  e x t r a c t e d  from t h e  pos i t i on ing  device and t h r o t t l e d  

Defining a f i x e d  temperature 

Hydrogen exhausted from t h e  hydrogen 

D-1.12 Heat Exchanger Concepts - The p r i n c i p a l  t e c h n i c a l  i s s u e  t o  be resolved 

i n  design of t h e  vent assembly w a s  d e f i n i t i o n  of t h e  h e a t  exchanger concept t o  be 

used. Three b a s i c  op t ions  are f e a s i b l e :  

(1) 

(2) 

a h e a t  exchanger mounted d i r e c t l y  t o  t h e  tank s t r u c t u r a l  s h e l l  

a r a d i a t i o n  shroud h e a t  exchanger i n  which t h e  cool ing tubes are separated 

from t h e  tank w a l l s  

a compact (or i n t e r n a l )  heat  exchanger i n s i d e  t h e  p rope l l an t  tank. (3)  

MCDONNELL DOUGLAS ASTRONAUlVCS COMPANY I EAST 
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HEAT TRANSFER RAT 
LINE CONDUCTION GAS CONDUCTION 

LO2 TANK: FILL/DRAIN (2?4 IN DIA) 1.53 0.1 
FEED LINE (2% IN DIA) 1.53 0.1 
VENTPRESSURIZATION (1 IN DIA) 0.68 0.02 
SCREEN VENTS (0.25 IN DIA LINES) 0.68 - 
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BTUMR 
RAD l AT1 ON 

0.73 
’ 0.73 

0.06 - 

TOTAL 

2.36 
2.36 
0.76 
0.68 
6.16 

LH2 TANK: F ILLBRAIN (2% IN DIA) 
FEED LINE (2% IN DIA) 
VENTA’RESSURIZATION (1 IN DIA) 
SCREEN VENTS (0.25 IN DIA LINES) 

1.74 
1.74 
0.78 
0.78 

I 0.87 
0.87 
0.17 
0.04 

0.73 3.34 
0.73 3.34 
0.06 1.01 
- 0.82 

8.51 

FEED LINE HEAT TRANSFER CHARACTERISTICS 

FIGURE D-14 

D-22 

MCDONNELL DOUGLAS ASTRONAUNCS COMPANY - EAST 



HIGH PRESSURE APS 
SUBTASK B 

91 

8( 

7[ 

a 

a 

0 

60 
r) c 
B 
I- E 

40 

30 

20 

REPORT MDC €0298 
12 FEBRUARY 7971 

PRESSURE - L B F A N  ‘a 200 

I 100 

I 1 I I 1 1 I I I 
2 3 4 5 6 7 8 9 10 

ENTROPY - BTU/LB OR 
HYDROGEN THERMODYNAMIC VENT DESIGN CHARACTERISTICS 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 

FIGURE 0-15 

D-23 



HIGH PRESSURE APS 
SUBTASK 8 

n 

a a  

- I t  
0 0  
o x  

A 

Y 
(3 

0, 
I 

P 
0 m 
=> 
I- 
-I 
U 

>- 
t 

a 

a 

0 n 

REPORT MDC E0298 
72 FEBRUARY 7971 

c 

Y z < 
t 

I 
-4 

N 

FIGURE D-16 

D-24 
MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 



HlGH PRESSURE APS 
SUBTASK B 

REPORT MDC E0298 
12 FEBRUARY 7971 

The s i m p l e s t  hea t  exchanger is  t h e  wall mounted approach. This w a s  analyzed 

i n  d e t a i l  i n  Reference (a) which ind ica ted  t h a t  t h e  tank w a l l  temperature d i s t r i -  

bu t ion  could l ead  t o  a s i g n i f i c a n t  level of s t r a t i f i c a t i o n  which would be  unaccept- 

a b l e  t o  t h e  A P S ,  and t h a t  mixers would be  required wi th  t h i s  concept,  s i g n i f i c a n t l y  

complicating design. 

The use  of a vent  cooled r a d i a t i o n  shroud (phys ica l ly  i s o l a t e d  from the  tank 

so  t h a t  r a d i a t i o n  is  t h e  con t ro l l i ng  mode of hea t  t r a n s f e r )  w i l l  e s s e n t i a l l y  reduce 

r a d i a t i o n  hea t  t r a n s f e r  t o  zero.  Since shroud temperature i s  kept  a t  o r  below tank 

temperature,  a l l  hea t  through the  i n s u l a t i o n  can be  e f f e c t i v e l y  in t e rcep ted  by t h e  

vapor and coolant .  Steady state performance of a device such as t h i s  w a s  analyzed 

assuming t h e  tube-shroud arrangement shown i n  Figure D-17. 

Use of a compact h e a t  exchanger i n s i d e  t h e  tank has  been s tudied  and ground 

t e s t e d  (References b and c). I n  t h i s  concept, tank f l u i d  is  c i r c u l a t e d  over o r  

through t h e  h e a t  exchanger by a low power pump/mixer, which e l imina tes  s t r a t i f i -  

ca t ion  and hot  o r  cold spo t s  i n  t h e  tank due t o  unequal hea t  t r a n s f e r .  

i z e d  mixer s i z i n g  ana lys i s  i s  shown i n  References (d) and ( e ) .  Based on a con- 

s e r v a t i v e  acce le ra t ion  level of 10-5g f o r  t h e  o r b i t a l  g rav i ty  f i e l d ,  necessary 

f l u i d  and mixer parameters w e r e  developed (Figure D-18) toge ther  wi th  h e a t  exchanger 

data .  

A general-  

D-1.13 H e a t  Exchanger Comparison - Advantages and disadvantages of candidate  

The vapor-cooled r a d i a t i o n  shroud concept concepts are summarized i n  Figure D-19. 

is a l igh tweight ,  completely pass ive  system, wi th  no moving p a r t s ;  t h e r e f o r e ,  i t  

has  been s e l e c t e d  as t h e  vent  system hea t  exchanger concept. The i n t e r n a l  compact 

h e a t  exchanger concept has  been ex tens ive ly  s tud ied  and has  demonstrated adequate 

tank pressure con t ro l  i n  1 g t e s t i n g .  However, no low-g tests demonstrating 

d e s t r a t i f i c a t i o n  wi th  very low-power mixers have been performed, and t h e  approach 

i s  complex. 

i n s t a l l a t i o n ,  which must b e  i n t e g r a t e d  wi th  t h e  b a s i c  p rope l l an t  tank. 

t i o n ,  mixers would s t i l l  be required.  

The tank wall-mounted hea t  exchanger i s  a l s o  a r a t h e r  complicated 

I n  addi- 

D-1.14 Pressu r i za t ion  Subassembly - Two candidate  p re s su r i za t ion  subassembly 

types were considered: autogenous (propel lan t  vapor) and cold helium submerged 

i n j e c t i o n .  

su ran t  flow rate c a p a b i l i t y  of t he  subassembly is  s i z e d  t o  maintain t h e  design 

Figure D-20 presen t s  schematics of t he  candidate  concepts. The pres-  
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15 GAGE DAM WITH 
DACRON NET (90 SHEETSAN) r 

L0.42 IN P.U. FOAM L 0.005 1100 ALUMINUM FOIL 
LH2 TANK DACRON NET LO2 TANK 

COOLED RADIATION SHROUD INSTALLATION DETAIL - 
SPACING PASSES THICKNESS WEIGHT 

H2 SHROUD 2.52 FT 15 0*005IN 61.4 LB 
02 SHROUD 2.04 FT 14 0.001 IN 5.7 LB - 

(TYP BOTH SIDES) MATERIAL - 1100 

SHROUD CHAR ACT ERI STI CS 
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HEAT EXCHANGE3 CHARACTERISTICS 

HEAT TRANSFER COEFFICIENT, BTU/HR-FT~ - OR 
INSDE 45 93 

OUTSIDE 34.2 

AElEA I N 2  336 

TUBE D I A I T S T E ,  IN 0.25 

492 

1.16 

MIXER CIXriACTETIISTICS 

O2 - HZ 
c 

INPUT POiJE, WATTS 1.2 5 . 1  

OUTLET D I A ,  I N  

10.0 

0.6 

1.0 

B W E D I A ,  IN 1.9 

INTIPFACE FLUID VELOCITY, FT/SEC 0.005 92 

14.0 

0.C 

1.0 

FIGURE D-18 
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opera t ing  pressure  during t h e  maximum outflow condi t ions.  

p ressure  w a s  determined by a weight s e n s i t i v i t y  s tudy which showed t h e  minimum 

weight subsystem r e s u l t e d  with a hydrogen tank p res su re  of 25 l b f / i n 2 a  and an 
oxygen tank pressure  of 30 l b f / i n 2 a .  

The tank opera t ing  

D-1.15 Autogenous P res su r i za t ion  Concept - With t h i s  concept,  warm gaseous 

p rope l l an t s  are drawn from the accumulators and regula ted  t o  t h e  required tank 

pressures .  Heat t r a n s f e r  w i l l  i n i t i a l l y  occur pr imar i ly  from the  gas t o  t h e  tank 

w a l l ,  bu t  t h i s  hea t  w i l l  subsequently be t r a n s f e r r e d  t o  t h e  l i q u i d .  

coast  per iods ,  thermal conduction and molecular d i f fus ion  w i l l  cause t h e  u l l age  

and p rope l l an t  t o  approach thermal equi l ibr ium. 

During long 

Dispersa l  and motion of t h e  l i q u i d  

and gas due t o  a t t i t u d e  c o n t r o l  impulses under low-gravity condi t ions w i l l  cause 

increased su r face  area and convective h e a t  t r a n s f e r ,  thus increas ing  the  rate a t  

which equi l ibr ium is  reached. The e f f e c t s  of t h i s  process  were considered i n  t h e  

concept evaluat ion.  

With autogenous p re s su r i za t ion ,  w a r m  propel lan t  vapors present  a s i g n i f i c a n t  

hea t  source f o r  t he  bulk l i q u i d  propel lan ts .  

i n t e r m i t t e n t  p re s su r i za t ion  whereby t h e  tankage is  only pressur ized  during usage. 

During nonusage ( coas t )  per iods ,  t h e  tank  pressure  i s  allowed t o  decay. Both 

hea t ing  and pressure  f l u c t u a t i o n s  e f f e c t  t h e  i n t e g r i t y  of a passive su r face  ten- 

s i o n  a c q u i s i t i o n  device.  

t h e  screen ,  while  t h e  pressure  reduct ion could cause vapor pockets i n  t h e  l i q u i d  

if t h e  pressure  dropped below t h e  p rope l l an t  vapor pressure.  To ensure t h e  per- 

formance of t h e  a c q u i s i t i o n  device,  a sepa ra t e ,  r e f i l l a b l e  tank using cold helium 

p r e s s u r i z a t i o n  has been provided. This concept y i e l d s  s u f f i c i e n t  pressure  t o  

m e e t  NPSP requirements of t h e  turbopumps during s t a r t -up  u n t i l  t h e  APS prope l l an t  

tank is  f u l l y  pressur ized  wi th  autogenous vapors. After  t h e  propel lan t  has  been 

s e t t l e d  and A P S  pressure  levels achieved, t h e  start  tank r e f i l l  valve is  opened. 

Propel lan t  simultaneously flows through t h e  start  tank t o  t h e  turbopumps and 

r e f i l l s  t h e  start  tank. 

i n  t h e  start tank, can b e  i s o l a t e d  from autogenous heat ing.  

This hea t ing  i s  reduced by using 

Heating could vaporize a po r t ion  of t he  p rope l l an t  under 

I n  t h i s  manner, t h e  a c q u i s i t i o n  device,  which is loca ted  

2 D-1.16 Cold H e l i u m  P res su r i za t ion  Concept - H e l i u m  i s . s t o r e d  a t  3000 l b f / i n  a 

i n  sepa ra t e  tanks submerged wi th in  t h e  p rope l l an t  tanks and regula ted  t o  t h e  requi red  

A P S  tank pressures .  

za t ion  process  w a s  e s s e n t i a l l y  isothermal .  

maintained a t  regula ted  pressure  (25 l b f / i n  a f o r  hydrogen and 30 l b f / i n  a for 

Design of t h e  assembly w a s  s t ra ight forward ,  s i n c e  t h e  p re s su r i -  

The tank  pressure  l e v e l  i s  continuously 
2 2 
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oxygen); however, during e x t r a c t i o n ,  t h e  p rope l l an t  vapor iza t ion  rate w i l l  no t  be  

s u f f i c i e n t  t o  maintain the  equi l ibr ium propel lan t  par t ia l  pressure ,  and the  helium 

pa r t i a l  pressure  w i l l  i nc rease  during ex t r ac t ion .  Af te r  e x t r a c t i o n  has  ceased, 

t h e  propel lan t  w i l l  vaporize u n t i l  equi l ibr ium vapor pressure  condi t ions are again 

s a t i s f i e d ,  and tank pressure  w i l l  increase  above regula ted  pressure.  

of t h e  maximum pressure  t o  be  encountered during the  mission ind ica t e s  t h a t  t h e  

pressure  w i l l  no t  rise above t h e  pressure  level assoc ia ted  wi th  tankage minimum 

gage s t r e n g t h  c a p a b i l i t y ;  t hus ,  no tank vent ing would be requi red ,  and no weight 

penal ty  is  involved. 

An eva lua t ion  

D-1.17 P re s su r i za t ion  Subassembly Concept Comparison and Se lec t ion  - The 

p res su r i za t ion  concepts were compared on a weight b a s i s .  

par i son  is  shown i n  Figure D-21. 

f o r  t h e  hydrogen tank,  t h e  autogenous p re s su r i za t ion  concept provides a l i g h t e r  

weight a t  h igher  tank pressures .  

obvious s e l e c t i o n .  

p o t e n t i a l  weight advantage of t he  autogenous concept be evaluated relative t o  

increased ope ra t iona l  and development complexity. 

The r e s u l t s  of t h i s  com- 

The relative weights of the  concepts shows t h a t  

For the  oxygen tank t h e  cold gas helium is t h e  

For the  hydrogen tank,  t h e  concept s e l e c t i o n  r equ i r e s  t h a t  t he  

The cold gas helium p res su r i za t ion  subassembly w a s  s e l ec t ed  f o r  t h e  hydrogen 

tank. 

j u s t i f i e d  because of t he  inherent  opera t iona l  s impl i c i ty  and advanced technology 

base f o r  t h e  cold gas subassemblies. A common pressurant  type subassembly can 

be  used f o r  both propel lan ts .  

The small p o t e n t i a l  weight pena l ty  assoc ia ted  wi th  the  se l ec t ed  subassembly is  

D-1.18 Tankage Design Summary - Indiv idua l  subassembly design c h a r a c t e r i s t i c s  

have been discussed i n  preceding sec t ions .  

below and i n  Figure D-22. 

The complete assembly is summarized 

Propel lan t  a c q u i s i t i o n  i s  accomplished through screen channels,  placed i n  such 

a pos i t i on  t h a t  some por t ion  of the  screen  w i l l  always be  "wetted," ensuring con- 

t inuous f l u i d  flow t o  t h e  turbopump i n l e t .  

Tanks are pressur ized  by a regula ted  supply of helium, t h e  helium pressurant  

s to rage  tanks being mounted i n t e r n a l  t o  t h e  p rope l l an t  tanks ,  t o  t ake  advantage 

of t h e  volumetr ic  e f f i c i e n c y  gained by s t o r i n g  t h e  pressurant  a t  cryogenic temper- 

a t u r e s .  

The tankage concept c o n s i s t s  of a 2219 Aluminum pressure  vessel, l a y e r  of cryo- 

foam (on t h e  LH tank on ly ) ,  cool ing shroud made of 0.125 i n .  diameter aluminum 

tubing brazed t o  a n  aluminum hea t  b a r r i e r ,  HPI b lanket ,  and f i b e r g l a s s  ou te r  s h e l l .  
2 
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Figure D-23 i l l u s t r a t e s  t h e  tank assembly. 

maintained by a continuous hydrogen vent .  LH i s  ex t r ac t ed  f o r  cool ing,  expanded, 

and subcooled 7"R, then routed t o  t h e  shroud, tank suppor ts ,  and pene t r a t ions ,  where 

it vaporizes  and absorbs tank h e a t  leak .  

Figure D-24.  

tank thermal i n s u l a t i o n  system. On t h e  ground, a constant  purge of GN provides an 

i n e r t  atmosphere surrounding the  H P I  pro tec t ing  i t  aga ins t  contamination and cor- 

rosion.  On o r b i t ,  t h e  f i b e r g l a s s  s h e l l  i s  vented t o  vacuum, enabl ing t h e  H P I  t o  

funct ion as an evacuated r a d i a t i o n  s h i e l d .  

gen is  purged through t h e  cav i ty  between t h e  o u t e r  s h e l l a n d  t h e  tank t o  prevent 

Temperature of t he  cool ing shroud i s  

2 

Thermal vent  requirements are shown i n  

The f i b e r g l a s s  ou te r  s h e l l  serves as an environmental s h i e l d  f o r  t h e  

2 

On reen t ry  e i t h e r  helium (H2) o r  n i t r o -  

t he  s h e l l  from co l l aps ing  and t o  prevent atmospheric contamination of t h e  H P I .  
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A prel iminary condi t ioner  t r adeof f  s tudy was performed i n  Subtask A t o  deter-  

mine b a s e l i n e  configurat ions f o r  each candidate  A P S  concept s o  t h a t  comparisons 

could be  performed on a cons i s t en t  b a s i s .  

turbopump APS using 3500"R gas gene ra to r s  f o r  p r o p e l l a n t  condi t ioning f o r  Subtask B 

prel iminary design. 

imprac t i ca l ,  and t h e  concept w a s  subsequently changed. This  appendix desc r ibes  

t h e  condi t ioner  prel iminary design e f f o r t  leading t o  the s e l e c t e d  condi t ioner  

concept shown i n  Figure D-25. 

These comparisons l e d  t o  s e l e c t i o n  of a 

Prel iminary design e f f o r t  showed t h e  s e l e c t e d  approach t o  be 

D-2.1 Conditioner Evaluation - During t h e  i n i t i a l  p a r t  of Subtask B, a more 

indepth analysis of t h e  b a s e l i n e  Subtask A condi t ioning concept (Figure D-26) w a s  

conducted t o  balance pump power required w i t h  t h e  t u r b i n e  power a v a i l a b l e  over  

t h e  complete range of ope ra t ing  condi t ions.  I n  t h i s  a n a l y s i s ,  updated t u r b i n e  and 

pump component e f f i c i e n c i e s  were considered. Resul ts  of t h i s  i n i t i a l  a n a l y s i s  are 

presented i n  Figure D-27, which compares t h e  t u r b i n e  e f f i c i e n c y  necessary f o r  a 

power balance w i t h  est imated a v a i l a b l e  t u r b i n e  performance ( r e f l e c t i n g  reasonable 

turbopump design p r a c t i c e s ) .  Results show t h a t ,  on t h e  hydrogen s i d e ,  t u r b i n e  

power output could not be  matched t o  pump power requirements with real is t ic  

t u r b i n e  and pump e f f i c i e n c i e s .  On t h e  oxygen s i d e ,  s u f f i c i e n t  t u r b i n e  power w a s  

a v a i l a b l e  t o  d r i v e  t h e  pump. 

Analysis w a s  conducted t o  determine modif icat ions necessary i n  t h e  Subtask A 

b a s e l i n e  assembly t o  provide hydrogen turbopump power balance.  This a n a l y s i s  

i n v e s t i g a t e d  ways both t o  lower pump power requirement, and/or t o  i n c r e a s e  t u r b i n e  

power output.  Pump power requirements can be  reduced by lowering t h r u s t e r  chamber 

p re s su re  o r  accumulator blowdown p res su re  r a t i o ,  s i n c e  both a f f e c t  pump discharge 

p res su re  requirements. Turbine power output  could b e  inc reased  by r a i s i n g  t u r b i n e  

p re s su re  r a t i o  o r  gas generator  combustion temperature (thereby inc reas ing  assembly 

bypass and t u r b i n e  flow rates). 

t h r u s t e r  chamber p re s su re  would need t o  be lowered t o  o b t a i n  achievable  hydrogen 

turbopump e f f i c i e n c i e s .  
2 (200 l b f j i n  

reasonable t u r b i n e  e f f i c i e n c i e s  and p res su re  r a t i o s .  Figure D-29 shows e f f e c t  of 

lower gas generator  combustion temperature (more gas flow through t h e  t u r b i n e ) .  

Figure D-28 i l l u s t r a t e s  t h e  level t o  which 

2 A s  shown, a chamber p re s su re  of approximately 300 l b f / i n  a 

lower than t h e  b a s e l i n e )  would provide turbopump power balance a t  
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SUBTASK A SELECTED APS CONFIGURATION TURBOPUMP 
WITH 3500"R GAS GENERATOR/HEAT EXCHANGER 

FILM COOLED THRUSTER 
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As i l l u s t r a t e d ,  gas  generator  combustion temperature of 2000'R would provide 

turbopump power balance with low e f f i c i e n c i e s  and p res su re  r a t i o s ,  while  allowing 

Subtask A b a s e l i n e  t h r u s t e r  chamber p re s su re  (500 l b f / i n  a) t o  b e  maintained. 2 

To ensure min imum weight,  i t  was clear t h a t  t h e  condi t ioner  concept s e l e c t i o n  

should b e  reviewed i n  depth,  consider ing f a c t o r s  n o t  t r e a t e d  i n  Subtask A; there-  

f o r e ,  a number of alternate condi t ioning assembly approaches, including t h e  alter- 

nates considered i n  t h e  Subtask A study,  were evaluated. 

schematical ly  i n  Figure P-30. 
t h e i r  optimum ope ra t ing  p o i n t  over a range of chamber pressures  and condi t ioning 

temperatures.  Conditioning temperatures below t h e  Subtask A b a s e l i n e  were 

considered, since, wi th  a r egene ra t ive  cooled t h r u s t e r ,  a lower p r o p e l l a n t  

condi t ioning temperature would be  acceptable  because of temperature rise through 

the regene ra t ive  t h r u s t e r  j a c k e t .  

Approaches are shown 

A l l  alternate concepts were evaluated t o  d e f i n e  

Concept Descr ipt ion - Concepts A through E of Figure D-30 r ep resen t  Subtask A 

b a s e l i n e  design v a r i a t i o n s .  Concept A is t h e  Subtask A b a s e l i n e  design used as 

a r e fe rence  f o r  concept weight comparison. Concept B is t h e  Subtask A b a s e l i n e  

design, b u t  with chamber p re s su re  reduced s u f f i c i e n t l y  t o  allow turbopump power 

balance. Concepts C and D are v a r i a t i o n s  of a design which provide f o r  turbopump 

power balance by changes i n  both gas generator  combustion temperature and t h r u s t e r  

chamber p re s su re ,  Lower gas generator  combustion temperatures i n c r e a s e  subsystem 

bypass flow, thus providing increased a v a i l a b l e  t u r b i n e  power. This  e f f e c t  i s  

shown i n  Figure D-29, which i l l u s t r a t e s  t u r b i n e  e f f i c i e n c y  requirements a t  

var ious gas generator  temperatures.  Concept E is  t h e  same as D,  except t h a t  an 

active propuls ive vent  is used t o  provide o v e r a l l  increased subsystem performance. 

Subsystem weight is  lower, due t o  t h e  impulse contr ibuted by t h e  active vent .  

Analysis of vent  impulse con t r ibu t ion  w a s  based upon one-dimensional chemical 

equi l ibr ium c a l c u l a t i o n s ,  using a ven t  s p e c i f i c  impulse equal  t o  95 pe rcen t  of 

t h e o r e t i c a l .  

Concept F i s  a modif icat ion of b a s e l i n e  design,  using two h e a t  exchangers. 

Turbine power is  e x t r a c t e d  a t  condi t ioning cyc le  mid-point. 

t u r b i n e  w i t h  gas a t  h i g h e r  operat ing temperature;  t h e  r e s u l t i n g  inc reased  t u r b i n e  

power a v a i l a b l e  provides  a s i g n i f i c a n t  a l l e v i a t i o n  of t h e  t u r b i n e  e f f i c i e n c y  

necessary f o r  subsystem operat ion.  

generator  and s t i l l  provide turbopump power balance a t  t h e  Subtask A b a s e l i n e  

This provides t h e  

This  concept would be  used w i t h  a 3500"R gas 
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2 chamber p re s su re  of 500 l b f / i n  a. 

add i t iona l  hea t  exchanger, t h i s  assembly provides t h e  same o v e r a l l  subsystem 

Thus, with t h e  exception of t h e  weight of an 

weight as t h e  Subtask A base l ine ;  however, t h i s  concept i s  a more complicated 

design and is more d i f f i c u l t  t o  achieve from a con t ro l  (and poss ib ly  from a 

technology) s tandpoin t .  

Concept G is a b a s e l i n e  v a r i a t i o n  which uses a 2000"R gas genera tor  i n  con- 

junc t ion  wi th  a secondary burn h e a t  exchanger. 

through t h e  2000"R gas generator  t o  power t h e  turbopump assembly. 

is d i r e c t e d  t o  t h e  secondary burn gas genera tor ,  where a d d i t i o n a l  oxygen i s  
added t o  produce a d d i t i o n a l  hea t  release f o r  p rope l l an t  condi t ioning.  

oxygen is added t o  t h e  reburn h e a t  exchanger t o  provide an o v e r a l l  mixture r a t i o  

of 2.0 f o r  t h e  bypass flow. 

temperature of 3500"R, making t h i s  concept s i m i l a r  i n  t o t a l  a v a i l a b l e  energy t o  

t h e  3500"R s i n g l e  Subtask A concept gas generator .  

S u f f i c i e n t  flow is  d i r ec t ed  

Turbine exhaust 

S u f f i c i e n t  

This  r e s u l t s  i n  an equiva len t  condi t ioner  combustion 

Concepts H and I use conditioned p rope l l an t  from t h e  hea t  exchanger in s t ead  

of gas genera tor  products  t o  d r i v e  t h e  turbopump assembly. 

cold,  and r e s u l t a n t  hea t  f l u x  t o  t h e  pump is  reduced. I n  t h i s  assembly, t u rb ine  

pressure  r a t i o  i s  equal  t o  the  d i f f e rence  i n  pump discharge pressure  and accumu- 

l a t o r  pressure .  P r i o r  t o  pump spin-up, no p rope l l an t  flow o r  pressure  head is  

a v a i l a b l e  f o r  t h e  turb ine .  Therefore ,  an a d d i t i o n a l  source of power is  required 

t o  start t h e  assembly. This w a s  provided by supplying t h e  assembly wi th  secondary 

accumulators which would "blowdown" i n  order  t o  supply flow and pressure  t o  t h e  

tu rb ine  during s t a r t u p .  

of t h e  tu rb ine  and is  recharged t o  pump o u t l e t  p ressure  ( tu rb ine  i n l e t  p ressure)  

as t h e  turbopump comes up t o  opera t ing  speed. I n  Concept I ,  t h e  secondary 

accumulator i s  valved t o  the  upstream and downstream s i d e  of t h e  tu rb ine .  

t h i s  manner, t h e  start accumulator i s  recharged t o  t h e  same pressure  as t h e  main 

accumulator ( tu rb ine  discharge p res su re ) .  These assemblies were evaluated t o  

determine what levels of pump discharge pressure  and accumulator pressures  would 

be requi red  t o  provide s u f f i c i e n t  t u r b i n e  power f o r  assembly matching. 

p re sen t s  r e s u l t s  of t h i s  ana lys i s  f o r  t h e  hydrogen s i d e  of t h e  assembly and shows 

t h a t  t hese  assemblies could be operated a t  r e a l i s t i c  pump and accumulator pressures .  

Fur ther ,  t h e  design po in t  f o r  t h i s  concept is presented i n  Figure D-32. 

Thus, t u rb ines  are 

I n  Concept H, t h e  secondary accumulator i s  upstream 

I n  

Figure D-31 

This 

D-46 
MCDONNELL DOUGLAS ASTRONAUTlCS COMPANY = EAST 



HlGH PRESSURE APS 
SUB TASK B 

I 'i / I  

I ./ 

I '  
I 
i 

5? cu 
0 
0 cu 

REPORT MDC E0298 
12 FEBRUARY 1971 

Ei c 
H m 

FIGURE D-31 

D-47 

MCDONNELL DOUGLAS ASTRONAUTlCS COMPANY = EAST 



H/GH PRESSURE APS 
SUBTASK B 

0 

I I 

REPORT MDC E0298 
12 FEBRUARY 1971 

d 8 

8 m 

cu 

FIGURE D-32 

D-48 

MCDONNELL DOUGLAS ASTRONAUTVCS COMPANY - EAST 



HlGH PRESSURE APS 
SUBTASK B 

REPORT MDC E0298 
12 FEBRUARY 7971 

assembly would r e q u i r e  e s s e n t i a l l y  t h e  same bypass flow as t h e  3500'R gas 

generator  b a s e l i n e  subsystem; however, a d d i t i o n a l  weight would b e  incurred f o r  

two reasons: 

(1) 
(2) 

t h e  subsystem chamber p re s su re  i s  r e l a t i v e l y  low 

redundant start accumulators are required t o  ensure t h a t  t h e  subsystem 

can b e  s t a r t e d  should s tar t  accumulator p re s su re  decay due t o  component 

f a i l u r e .  

Analysis of A l t e rna te  Concepts - The b a s i c  approach w a s  t o  develop APS weight 

s e n s i t i v i t i e s  as a func t ion  of  chamber p re s su re  and hydrogen condi t ioning tempera- 

t u r e  over a range of gas generator  combustion temperatures f o r  Concepts A through 

D, and G. Then, using t u r b i n e  and pump e f f i c i e n c i e s  of 52 percent  and 57 pe rcen t ,  

al lowable ope ra t ing  condi t ions w e r e  e s t ab l i shed .  

of 25:l w a s  imposed f o r  t hese  analyses ,  because inc reas ing  t u r b i n e  p re s su re  r a t i o  

above 25: l  does n o t  provide any s i g n i f i c a n t  i nc rease  i n  t u r b i n e  power. Examples 

of t h i s  a n a l y t i c a l  r e s u l t s  are presented f o r  Concepts A through D i n  Figures D-33 

and D-34,  which show optimum chamber p re s su re  and condi t ioning temperature f o r  a 

given gas generator  combustion temperature. I n  Concept E ,  optimum chamber pres- 

s u r e  and condi t ioning temperature of Concept D were used and t h e  e f f e c t  of  provi- 

ding an active propuls ive ven t  w a s  def ined.  The dua l  h e a t  exchanger, Concept E,  

A t u r b i n e  p re s su re  r a t i o  l i m i t  

w a s  evaluated t o  d e f i n e  t h e  e f f e c t  of providing a n  a d d i t i o n a l  h e a t  exchanger t o  

t h e  Subtask A concept. 

using a t y p i c a l  engine expander cycle.  

Cold t u r b i n e  concepts H and I i n v e s t i g a t e d  the  e f f e c t  of  

Comparison of Concepts - The above concepts were evaluated consider ing APS 

weight,  f l e x i b i l i t y  t o  component performance, and technology requirements. 

Figure D-35 shows t h e  APS weight f o r  t h e  va r ious  concepts compared t o  Subtask A, 

t h e  concept design po in t s  and t e c h n i c a l  cons ide ra t ions .  Based upon d a t a  shown 

i n  Figure D-35,  a rev i sed  b a s e l i n e  condi t ioning assembly schematic (Concept G) 

w a s  s e l e c t e d .  The revised concept employs t h e  2000"R gas generator  i n  conjunction 

wi th  the  reburn h e a t  exchanger ope ra t ing  a t  a n  o v e r a l l  condi t ioner  mixture of  2 : l .  

This approach o f f e r s  low o v e r a l l  APS weight,  reasonable technology requirements,  

and low s e n s i t i v i t y  t o  subsequent design changes; t h e r e f o r e ,  t h i s  assembly w a s  

used as a b a s e l i n e  f o r  a l l  subsequent Subtask B e f f o r t .  Further  b a s e l i n e  
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optimizat ion,  such as increased reburn mixture r a t i o ,  and c o n t r o l  opt imizat ion,  

w a s  performed t o  de f ine  f u l l y  the design which would provide minimum o v e r a l l  

subsystem weight. This opt imizat ion is  provided i n  t h e  following s e c t i o n .  

D-2.2 Conditioner Assembly Control - Conditioner operat ion i s  begun and 

ended by accumulator p re s su re  sensors .  

from a maximum accumulator p re s su re  (P 

(Pmin) . 
pressure.  A t  t h i s  p re s su re ,  t h e  Conditioner assembly is  s igna led  on; i t  then 

s u p p l i e s  a d d i t i o n a l  p rope l l an t  f o r  accumulator recharge. During lengthy steady- 

s ta te  f i r i n g ,  t h e  condi t ioner  assembly must supply s u f f i c i e n t  p r o p e l l a n t  flow t o  

t h e  accumulator t o  maintain minimum accumulator pressure.  

ends, t h e  condi t ioner  assembly recharges t h e  accumulator t o  Pmax condi t ion and is  

s igna led  o f f .  Thus, A P S  operat ion r e q u i r e s  t h a t  t h e  condi t ioner  assembly be  

s i z e d  and con t ro l l ed  t o  provide maximum s t eady- s t a t e  t h r u s t e r  flow a t  minimum 

accumulator pressure.  

c a p a b i l i t y  f o r  accumulator recharge.  

t h e s e  requirements depend upon t h e  manner i n  which t h e  condi t ioner  assembly i s  

designed and operated.  

Accumulators ope ra t e  i n  a blowdown mode 

) t o  a minimum accumulator p re s su re  max 
During t h r u s t e r  operat ion,  accumulators blowdown t o  a design switching 

When t h r u s t e r  flow 

The condi t ioner  assembly a l s o  must provide maximum pres su re  

Controls and con t ro l  l o g i c  r equ i r ed  t o  m e e t  

Conditioner Assembly Control Options - The condi t ioner  assembly c o n s i s t s  of 

turbopump, h e a t  exchanger, and gas gene ra to r .  Two b a s i c  approaches t o  assembly 

con t ro l  are poss ib l e ,  From design and c o n t r o l  s t andpo in t s ,  t h e  f i r s t  of these,  

Concept A, (Figure D-36) i s  t h e  s implest .  I n  t h i s  concept, maximum flow and 

p res su re  are maintained w i t h i n  t h e  h e a t  exchanger during a l l  phases of  operat ion.  

This is  accomplished by using a c a v i t a t i n g  v e n t u r i  a t  t h e  pump o u t l e t  and a son ic  

d i f f u s e r  a t  t h e  h e a t  exchanger o u t l e t .  Figure D-37 i l l u s t r a t e s  t h e  ope ra t ing  

p o i n t  on t h e  pump map. The second approach, concept B y  i s  more d i f f i c u l t  from 

both design and c o n t r o l  s t andpo in t s ,  s i n c e  assembly operat ing condi t ions vary 

during accumulator recharge. A schematic of t h i s  concept is  shown i n  Figure D-36 

and Figure D-37 shows i t s  operat ion on a pump map. A s  i l l u s t r a t e d ,  i n c r e a s e  i n  

pump head required during accumulator recharge f o r  c o n t r o l  concept B can be 

implemented two ways : 

(1) constant  pump power can be maintained as t h e  head rises by decreasing 

p rope l l an t  f low 

cons tan t  p r o p e l l a n t  flow can be maintained by inc reas ing  t u r b i n e  power 

as t h e  head rises. 

(operat ion along l i n e  HP,) 

(2) 

For t h e  constant  pump power c o n t r o l  approach, s i n c e  p r o p e l l a n t  flow w i t h i n  t h e  
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heat exchanger is  decreasing during accumulator recharge,  oxygen added f o r  reburn 

i n  t h e  heat exchanger (and thus t h e  h e a t  add i t ion ) -mus t  b e  con t ro l l ed  t o  prevent 

h e a t  exchanger overheating. 

pump power requirements are inc reas ing  p ropor t iona l ly  t o  accumulator p re s su re )  

t h e  t u r b i n e  must b e  t h r o t t l e d  t o  provide a d d i t i o n a l  power during recharge.  

For t h e  constant  pump flow c o n t r o l  approach ( s ince  

With concept A, c o n t r o l  is p o s s i b l e  with p a s s i v e  components, whereas bo th  

concept B approaches r e q u i r e  active c o n t r o l  components. Therefore,  concept A 

would b e  the b e s t  approach from design and c o n t r o l s  s t andpo in t s ;  however, concept B 

r e s u l t s  i n  lower o v e r a l l  A P S  weight,  since i t  can ope ra t e  a t  a lower bypass flow 

during pe r iods  of continuous usage, o r  a t  a higher  chamber p re s su re  f o r  t h e  same 

bypass flow. 

Conditioner Assembly Operation and Weight Analysis - Analysis of concept A 

ope ra t ion  i s  l i m i t e d  t o  eva lua t ion  of power balance between pump and t u r b i n e  a t  a 

s i n g l e  design p o i n t  corresponding t o  maximum turbopump e f f i c i e n c i e s .  As shown i n  

Figure D-37, t h e  two concept B approaches r equ i r ed  considerat ion of a range of 

turbopump e f f i c i e n c i e s  i n  o rde r  t o  ensure proper accumulator recharging. 

Under i d e a l  condi t ions,  t h e  two concept B approaches would be designed f o r  

maximum e f f i c i e n c y  (52 percent)  a t  t h e  s t eady- s t a t e  condi t ion t o  minimize steady- 

s ta te  bypass requirements;  however, prel iminary a n a l y s i s  showed t h a t  t h e  constant  

power approach would n o t  recharge t h e  accumulator because t h e  pump e f f i c i e n c y  

would begin t o  decrease as pump head increased above minimum. This reduct ion 

i n  e f f i c i e n c y  w a s  s u f f i c i e n t  t o  cause pump power t o  i n c r e a s e  above a v a i l a b l e  

t u r b i n e  power (see Figure D-38). 

w a s  designed t o  ope ra t e  below maximum e f f i c i e n c y  a t  t h e  s t eady- s t a t e  condi t ion.  

This allowed t h e  pump t o  t ake  advantage of i nc reas ing  e f f i c i e n c y  during recharge 

(see Figure D-38) and t o  ope ra t e  a t  h ighe r  average e f f i c i e n c y ,  t hus  allowing 

recharge wi th  t h e  a v a i l a b l e  t u r b i n e  power. This approach r e s u l t s  i n  inc reased  

bypass flow due t o  reduced pump e f f i c i e n c y  during s t eady- s t a t e  operat ion.  

To remedy t h i s  o p e r a t i o n a l  problem, t h e  pump 

Analysis of t h e  concept B constant  pump flow approach showed t h a t  i nc reased  

t u r b i n e  power w a s  needed during accumulator recharge because of i nc reased  pump 

head. 

t u r b i n e  flow, s i n c e  t u r b i n e  p re s su re  r a t i o ,  i n l e t  temperature, and e f f i c i e n c i e s  

were a t  maximum. Increased t u r b i n e  flow could be  r e a l i z e d  by changes t o  e i t h e r  

t u r b i n e  nozzle  flow area o r  t o  i n l e t  pressure.  Changing flow area w a s  unat t rac-  

t i ve  because i t  compromised t u r b i n e  design and e f f i c i e n c y .  However, increased 

This  a d d i t i o n a l  t u r b i n e  power would n e c e s s i t a t e  a s i g n i f i c a n t  i n c r e a s e  i n  
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i n l e t  p re s su re  could b e  obtained e i t h e r  by operat ing gas generator  and t u r b i n e  

d i r e c t l y  from t h e  accumulator r a t h e r  than from t h e  r e g u l a t o r  o r  by ope ra t ing  t h e  

gas generator  i n  a t h r o t t l e d  condi t ion a t  t h e  s t eady- s t a t e  design po in t .  

the d i r e c t  accumulator feed approach, t h e  flow t o  t h e  t u r b i n e  would i n c r e a s e  as 

the accumulator w a s  recharged. 

oxygen and hydrogen accumulators would have t o  recharge and decay simultaneously 

i n  o rde r  t o  have s u f f i c i e n t  p r e s s u r e  ava i l ab le .  

With 

The method w a s  judged imprac t i ca l ,  since bo th  

The in f luence  of t h e  Conditioner c o n t r o l  concept upon t o t a l  subsystem 

weight is l a r g e l y  measured by its e f f e c t  on t o t a l  bypass flow f o r  turbopump 

power and h e a t  exchanger energy balance.  Pump power required is defined by 

accumulator p re s su re ,  which is dependent, i n  t u r n ,  on t h r u s t e r  chamber pressure.  

Concept A ope ra t e s  i n  a s t eady- s t a t e  mode a t  maximun accumulator p re s su re  (P 
while  concept B ope ra t e s  i n  a s t eady- s t a t e  mode a t  minimum accumulator (P min 
pressure.  Thus, f o r  s e l e c t e d  chamber p re s su re ,  concept B w i l l  r e s u l t  i n  reduced 

o v e r a l l  bypass flow, because i ts  pump power requirement is lower a t  s t eady- s t a t e  

design condi t ions.  This  lower bypass flow reduces APS weight,  s i n c e  i t  reduces 

p r o p e l l a n t  and s t o r a g e  tank weight. 

head characteristic of concept B t o  reduce hardware weights,  wh i l e  keeping t h e  

bypass the same as t h a t  of concept A. This  can b e  accomplished by inc reas ing  

concept B chamber and accumulator p re s su res  a t  s t eady- s t a t e  design condi t ions 

u n t i l  t h e  minimum pres su re  i s  t h e  same as t h e  maximum accumulator p re s su re  f o r  

concept A. A t  t h i s  p o i n t ,  t h e  bypass flow of t h e  two systems i s  t h e  same. This 

r e s u l t s  i n  t h e  same APS s t o r a g e  weight (p rope l l an t  and tankage) f o r  bo th  concepts,  

bu t  a reduced inert  weight (lower component weights) f o r  concept B because of 

h ighe r  chamber p re s su re .  Both lower bypass and lower i n e r t  weight approaches 

y i e l d  a concept B weight advantage. 

), m a x  
) 

An a l t e r n a t i v e  i s  t o  use t h e  lower pump 

D-2.3 Control Concept Se lec t ion  - The s e l e c t e d  b a s e l i n e  condi t ioner  uses  a 

2000"R gas gene ra to r  t o  power t h e  turbopump assembly. 

t o  the reburn heat exchanger where s u f f i c i e n t  oxygen is  added and reburned t o  

provide t h e  energy necessary f o r  p r o p e l l a n t  condi t ioning.  

comparison a n a l y s i s  of  Sect ion D-2.1 l i m i t e d  t h e  reburn mixture r a t i o  

t o  provide an equ iva len t  o v e r a l l  combustion temperature of 3500"R. 

mixture r a t i o  and t h e  accompanying l a r g e r  h e a t  release can reduce t h e  bypass f l o w  

r equ i r ed  f o r  p r o p e l l a n t  condi t ioning;  t h e r e f o r e ,  t h e  opt imizat ion of t h e  b a s e l i n e  

cond i t ione r  considered mixture r a t i o s  g r e a t e r  than 2 : l  and d i f f e r e n t  mixture  r a t i o s  

f o r  oxygen and hydrogen. 

Turbine exhaust i s  d i r e c t e d  

Conditioner concept 

A h ighe r  
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The o v e r a l l  bypass of t h e  hydrogen condi t ioner  assembly is  dependent upon 

t h e  hydrogen t u r b i n e  flow requirements,  which are d i c t a t e d  by t h e  p r o p e l l a n t  

condi t ioner  and turbopump requirements. 

discussed i n  t h e  following example. 

flow t o  pump-flow necessary t o  match t h e  pump power requirements and provide 

hydrogen condi t ioning t o  100'R. The t u r b i n e  flow necessary t o  match t h e  pump 

requirements is presented as a func t ion  of t u r b i n e  p re s su re  r a t i o  and chamber 

p re s su re ;  the flow necessary t o  provide f o r  p rope l l an t  condi t ioning i s  shown as 

a func t ion  of mixture r a t i o  and chamber p re s su re .  The i n t e r s e c t i o n  of the mixture 

r a t i o  and t u r b i n e  p re s su re  r a t i o  curves r ep resen t s  t h e  power match p o i n t s  f o r  t h e  

subsystem and shows t h e  t u r b i n e  flow required and t h e  chamber p re s su re  ob ta inab le .  

For example, following a constant  mixture  r a t i o  curve of 2.0 shows t h a t  t h e  

t u r b i n e  flow decreases  wi th  inc reas ing  chamber p re s su re  and t u r b i n e  p re s su re  r a t i o .  

A t  h ighe r  chamber p re s su res  and subsystem ope ra t ing  p res su re ,  t h e  enthalpy 

required f o r  p rope l l an t  condi t ioning i s  s l i g h t l y  reduced, r equ i r ing  a lower 

t u r b i n e  flow. Increased chamber p re s su re ,  however, r e q u i r e s  a h ighe r  pump power. 

This i s  provided a t  t h e  lower t u r b i n e  flows by u t i l i z i n g  h ighe r  t u r b i n e  expansion 

r a t i o s ,  which provide a h ighe r  energy e x t r a c t i o n  from flow. 

r a t i o  was  l i m i t e d  t o  25: l  i n  o rde r  t o  have a r e a l i s t i c  design p res su re  i n  the 

h e a t  exchanger loca t ed  downstream of t h e  tu rb ine .  A s  shown i n  Figure D-39, once 

t h i s  l i m i t  i s  reached, t h e  tu rb ine  flow i s  con t ro l l ed  by t h e  pump power require-  

ments such t h a t  f u r t h e r  i nc reases  i n  chamber p re s su re  r e s u l t s  i n  h ighe r  flow 

The i n t e r r e l a t i o n s h i p  of t h e s e  is  

Figure D-39 presen t s  t he  r a t i o  of turbine-  

Turbine expansion 

requirements. The remaining po r t ion  of t h e  condi t ioner  flow, t h e  o x i d i z e r  t o  

t h e  reburn gas generator ,  i s  a l s o  inf luenced by t u r b i n e  flow. 

t o  t h e  p r o p e l l a n t  cond i t ione r ,  t h e  energy required from t h e  reburn h e a t  exchanger 

is  reduced, t hus  t h e  reburn mixture r a t i o  i s  lower, 

With higher flows 

The o v e r a l l  condi t ioning bypass flow is a func t ion  of t h e  t u r b i n e  flow and 

reburn mixture r a t i o .  Figure D-40 presen t s  t h e  condi t ioner  bypass flow as a 

func t ion  of chamber p re s su re  ( t u r b i n e  flow) and hydrogen conditioning temperature 

(reburn flow) f o r  a mixture  r a t i o  of 2.0, and f o r  a range of mixture  r a t i o s  a t  

the t u r b i n e  expansion r a t i o  l i m i t  of 25: l .  

requirement, and, t hus ,  t h e  subsystem p r o p e l l a n t  weight,  continuously decreases  

wi th  inc reas ing  condi t ioner  mixture r a t i o  and decreasing chamber p re s su re .  The 

i n e r t  weight of  t h e  subsystem, i n  gene ra l ,  i nc reases  w i t h  decreasing chamber 

p re s su re ;  t h e r e f o r e ,  i n  o rde r  t o  minimize subsystem weight ,  the in f luences  of 

This f i g u r e  shows t h a t  t h e  bypass flow 
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chamber p re s su re  upon t h e  bypass flow requirements and t h e  i n e r t  weights w e r e  

combined t o  a l low a t o t a l  subsystem weight comparison. 
mixture r a t i o  and t h r u s t e r  chamber p re s su re  on o v e r a l l  subsystem weight is  pre- 

s en ted  i n  Figure D-41. 
2 pres su re  of approximately 500 l b f / i n  a. 

reburn condi t ioner  concept w i t h  a simpler no-reburn cond i t ione r  concept. 

reburn, i.e., no oxygen a d d i t i o n  t o  the hydrogen heat exchanger, r e s u l t s  i n  a 

subsystem weight n o t  s i g n i f i c a n t l y  g r e a t e r  than t h e  minimum weight approach. 

The no-reburn concept is more s e n s i t i v e  t o  hydrogen condi t ioning temperature. 

This  effect is  presented i n  Figure D-42, which shows t h e  e f f e c t  of hydrogen 

condi t ioning temperature on o v e r a l l  subsystem weight,  A s  shown, a temperature 

above 1OO"R r e s u l t s  i n  a r e l a t i v e l y  l a r g e  weight penal ty  f o r  t h e  no-reburn design. 

Following a review of  t h e  r e s u l t s  discussed above ( i n  p a r t i c u l a r  t h e  s e n s i t i v i t y  

t o  condi t ioning temperature) t h e  judgment w a s  made t o  e l i m i n a t e  t h e  no-reburn 

concept from f u r t h e r  considerat ion.  I n  o r d e r  f o r  t h e  concept t o  be  weight 

competit ive,  a 1OO"R condi t ioner  temperature would be  required making 

the development of t h e  r egene ra t ive  engine mandatory t o  t h e  exclusion of f i l m  

cooled approaches. 

i n  t h e  s e l e c t e d  reburn h e a t  exchanger approach. This induces a weight pena l ty  

i n t o  t h e  A P S ,  b u t  o f f e r s  less technology r i s k  and provides t h e  c a p a b i l i t y  of using 

e i t h e r  r egene ra t ive  o r  f i l m  cooled U S  t h r u s t e r s .  

The effect  of cond i t ione r  

A s  shown, t h e  cond i t ione r  concept optimizes a t  a chamber 

Figure D-41 a l s o  compares t h e  b a s e l i n e  

No 

Simi la r ly ,  a judgment w a s  made t o  condi t ion hydrogen t o  200"R 

The above type of a n a l y t i c a l  approach w a s  used t o  eva lua te  a l l  subsystem 

c o n t r o l  concepts descr ibed i n  t h e  previous s e c t i o n ,  t o  determine t h e  r e l a t i v e  

weight advantage of  each, I n  t h i s  eva lua t ion ,  hydrogen condi t ioning temperature 

w a s  200"R and t u r b i n e  p re s su re  r a t i o  w a s  l i m i t e d  t o  25 t o  1 and/or t h e  t u r b i n e  
2 e x i t  p re s su re  w a s  l i m i t e d  t o  30 l b f / i n  a minimum, t o  f a c i l i t a t e  hea t  exchanger 

ground t e s t i n g ,  

mixture r a t i o  r e s u l t e d  i n  a reasonable  combustion temperature i n  t h e  secondary 

burn gas generator  and no s i g n i f i c a n t  weight advantage w a s  r e a l i z e d  a t  g r e a t e r  

mixture r a t i o s .  

Overall condi t ioner  mixture r a t i o  was l i m i t e d  t o  2 .7  t o  1. This 

Figure D-43 p resen t s  t h e  r e s u l t s  of t h i s  a n a l y s i s  and shows t h e  subsystem 

weight vs chamber p re s su re  f o r  c o n t r o l  concept A and c o n t r o l  concept B using two 

implementation approaches. 

of concept B has  a 350 l b  weight advantage a t  chamber p re s su re  of 500 l b f / i n  a,  

wh i l e  the cons t an t  flow approach has  a 450 l b  weight advantage Over concept A* 
Thus, t h e  constant  flow approach is  t h e  b e s t  approach on a w e i g h t b a s i s .  However, 

A t  t h e  optimum cond i t ions ,  t h e  constant  power approach 
2 
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t h e  c o n t r o l  technology involved i s  more d i f f i c u l t  than t h a t  f o r  t h e  constant  power 

approach. 

p re s su re  than  t h a t  shown because of t h r o t t l i n g  range requirements and thus  l o s e  

i ts  weight advantage. Concept B, implemented w i t h  constant  power f o r  recharge,  

was  thus s e l e c t e d  as t h e  A P S  b a s e l i n e .  

I n  a d d i t i o n ,  implementation of Concept B2 may r e q u i r e  a lower chamber 

2 This subsystem optimized a t  a chamber p re s su re  of 500 l b f / i n  a and t h e  over- 

a l l  mixture r a t i o s  a t  t h i s  condi t ion were 2.55 and 2.69 f o r  hydrogen and oxygen 

h e a t  exchangers, r e spec t ive ly .  
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The APS r equ i r e s  turbopumps t o  d e l i v e r  p rope l l an t  from low p res su re  cryogenic 

supply tanks t o  a condi t ioner  assembly a t  the p res su re  required f o r  subsystem 

operat ion.  The pump power required t o  perform t h i s  func t ion  i s  provided from 

products of a 2000'R gas generator  used i n  a s t aged  tu rb ine .  

t u r b i n e  flow requirements are s i g n i f i c a n t l y  a f f e c t e d  by turbopump performance. 

Therefore,  t o  minimize t u r b i n e  flow and ensure optimum APS design, i t  w a s  neces- 

s a r y  t o  evaluate turbopump performance i n  d e t a i l .  

Pump power and 

D-3.1 Turbopump Design - The turbopumps were designed t o  meet two d i f f e r e n t  

subsystem ope ra t ion  modes: 

(1) provide flow and p res su re  r equ i r ed  t o  maintain minimum accumulator 

p re s su re  during s t eady  s ta te  subsystem ope ra t ion  (long s t eady  state 

t h r u s t e r  f i r i n g s )  

provide s u f f i c i e n t  f low and p res su re  t o  recharge subsystem accumu- 
l a t o r s  t o  t h e i r  maximum pressure.  P r e r e q u i s i t e s  f o r  t h e s e  APS 

ope ra t iona l  requirements are .presented i n  Figure D-44. 

(2) 

A s  shown i n  FigureD-44 pump output p re s su re  v a r i e s  from approximately 1000 

l b f / i n  a f o r  s teady s ta te  operat ion t o  approximately 2000 l b f / i n  a a t  the  end of 

accumulator recharge. These two condi t ions are s a t i s f i e d  by pe rmi t t i ng  turbopump 

s h a f t  speed t o  increase, and flow t o  decrease,  as the accumulator i s  recharged. 

During recharge,  gas generator  flow and power from t h e  t u r b i n e  are cons t an t ,  except 

f o r  a s l i g h t  i n c r e a s e  i n  t u r b i n e  power due t o  an e f f i c i e n c y  inc rease  with s h a f t  

speed. Turbopumps can be  (and have been) designed t o  ope ra t e  over  t h i s  broad 

ope ra t ing  range; however, t h e i r  design must i nco rpora t e  p rov i s ion  f o r  v a r i a t i o n s  

i n  pump imposed a x i a l  and r a d i a l  t h r u s t .  

2 2 

Basel ine designs s e l e c t e d  f o r  oxygen and hydrogen u n i t s  are presented i n  

Figures D-45 andD-46 r e spec t ive ly .  Axial  t h r u s t  fo rces  i n  these  designs are 

minimized by using a modified Barsky impel ler  configurat ion.  

a summary of o v e r a l l  turbopump design philosophy. 

Figure D-47 p resen t s  

The LO turbopump c o n s i s t s  of a s i n g l e  s t a g e  pump and a 2-stage, p re s su re  2 
compounded, a x i a l  flow tu rb ine .  Pump impel ler  and t u r b i n e  r o t o r s  are mounted on 

a common s h a f t ,  supported by LO2 coo led / lub r i ca t ed  r o l l i n g  element bear ings.  

Bearing coo l ing / lub r i ca t ing  flow is  tapped from t h e  high p res su re  pump discharge,  

d i r e c t e d  through the  bea r ing ,  and reintroduced t o  t h e  mainstream flow i n  a low 
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pres su re  region a t  t h e  impe l l e r  backside hub. 

flow (5 pe rcen t  a l l o c a t e d )  i s  c o n t r o l l e d  by h y d r o s t a t i c  seals. 

f e a t u r e  of h y d r o s t a t i c  seals e l imina te s  t h e  rub hazard normally a s soc ia t ed  with a 

fixed-flow c o n t r o l  l aby r in th .  The i n t e r p r o p e l l a n t  seal, which seals LO2 from t h e  
fuel-r ich h o t  gases of  t h e  tu rb ine ,  uses  a t r i p l e  vent.  

The magnitude of t h e  bear ing coolant  

The f l o a t i n g  

The f u e l  turbopump is similar t o  t h e  LO2 turbopump. Two pump s t a g e s  are used 

t o  develop required p res su re ,  while  t h r e e  p re s su re  compounded, axial  flow s t a g e s  

are used i n  t h e  tu rb ine .  

s h a f t ,  aga in  supported by LH cooled/ lubricated r o l l e r  element bear ings.  Hydro- 
s t a t i c  s h a f t  r i d i n g  seals are used t o  c o n t r o l  bear ing coolant flow a l l o c a t i o n  of 

5 percent .  

t h e  p r o p e l l a n t  from h o t  t u r b i n e  gas,  s i n c e  LH 2 
t u r b i n e  gases.  

is  minimized by t h e  use of  a h y d r o s t a t i c  seal. 

Pump impe l l e r s  and t u r b i n e  r o t o r s  are mounted on a common 

2 

The f u e l  turbopump does n o t  r e q u i r e  an i n t e r p r o p e l l a n t  seal t o  s e p a r a t e  

is  nonreact ive wi th  t h e  fue l - r i ch  

Liquid hydrogen flow from t h e  t u r b i n e  and bear ing t o  t h e  t u r b i n e  

3 
The turbopump f u e l  and ox id ize r  pump volumes are 10.58 and 6.05 i n  , respec- 

t i v e l y  from t h e  p l ane  of t h e  s u c t i o n  f l a n g e  t o  t h e  plane of t h e  d i scha rge  f lange.  

The turbopump has been designed f o r  a l i f e  of 100 missions wi th  50 starts 
required p e r  mission, o r  5000 cycles.  

ments of t h e  t u r b i n e  r o t o r ,  c y c l e  f a t i g u e  l i f e  is p red ic t ed  t o  b e  6000 cycles .  

The t u r b i n e  blading f o r  both t h e  f u e l  and ox id ize r  turbopump tu rb ines  i s  t h e  
axial flow impulse type. The b l a d e  design i s  symmetrical, u t i l i z i n g  n e i t h e r  

t a p e r  o r  t w i s t )  
Both t h e  f u e l  and ox id ize r  pump d i scha rge  v o l u t e s  are designed f o r  a proof 

Based on t h e  thermal shock duty require-  

with t h e  i n l e t  and o u t l e t  angles  equal t o  21 degrees. 

p re s su re  c a p a b i l i t y  of 150% of maximum working pressure,  and a b u r s t  p re s su re  of 

200% of proof. 

oxygen pump a t  21,337 RPM. 

oxygen pumps are 32,151 RPM and 33,550 RF'M, r e spec t ive ly .  

t i o n ,  w i t h  p red ic t ed  bear ing freedom, a t  165% of c r i t i ca l  f o r  t h e  f u e l  pump and 

63.5% of c r i t i ca l  f o r  t h e  ox id ize r  pump. 

The hydrogen pump is designed t o  ope ra t e  a t  53,330 RPM, and t h e  

F i r s t  s h a f t  c r i t i ca l  speeds f o r  t h e  hydrogen and 

This r e p r e s e n t s  opera- 

Both t h e  f u e l  atld ox id i ze r  pump s h a f t  support  bear ings o p e r a t e  a t  bear ing DN 
6 va lues  of 1.5 x 10 . 

D-3.2 Predicted Performance - Pred ic t ed  pump head/flow, e f f i c i e n c y ,  power, 

and to rque  c h a r a c t e r i s t i c s  are shown i n  a normalized format i n  Figure D-48. 
t h e  s t a g e  s p e c i f i c  speeds of t h e  LO 

Since 

and LH 2 2 pump are n e a r l y  equal ,  t h e i r  normalized 
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characteristics will be the same. 
in turbopump analysis, and resulted in head/flow characteristics for values of con- 
stant shaft speed (shown in Figures D-49 and D-50 for the oxidizer and fuel turbo- 
pumps, respectively). 
charge from steady state operating point to maximum accumulator pressure. 
lines shown correspond to pump power requirements matched to delivered turbine 
power. 

These normalized pump characteristics were used 

These show pump operating characteristics during accumulator 
Dotted 

The lines of Figures D-49 and D-50 show a power balance using a turbopump 
designed for reduced efficiency at the steady state design point. 
less than the predicted maximum available was used in APS design to provide a 
design margin, and to reduce heat exchanger flow excursions. 

An efficiency 

A summary of turbo- 
pump operating conditions is presented in Figures D-51 and D-52 for pumps which 
were designed for maximum efficiency at maximum output pressure. 

Pump design point efficiency is primarily a function of design specific speed 
per stage (Ns = N A 2-stage, liquid hydrogen pump 
was used to increase pump specific speed and, in turn, to increase pump efficiency. 

Q H3/4) and volume flow Q. 

1.2 

1 .o 

0.2 

CAPACITY RATIO - Q/N/(Q/N)DEs~,, 

FIGURE D-48 PUMP NORM ALl ZED P ERFO RMAN CE PAR AM ET ERS 
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Turbine predic ted  e f f i c i e n c i e s  are presented i n  F igure  D-53 as a func t ion  of 
o v e r a l l  v e l o c i t y  r a t i o .  Figure D-54 c o r r e l a t e s  a c t u a l  and predic ted  tu rb ine  

e f f i c i e n c i e s  as a func t ion  of s t a g e  ve loc i ty  r a t i o .  

c ienc ies  p red ic t ed  f o r  t h e  APS a t  t h e  s teady s ta te  opera t ing  condi t ion are w e l l  

wi th in  t h e  range of experience.  

(as  shown i n  the  previous f igu re )  due t o  increased turbopump s h a f t  speed. 

REPORT MDC E0298 
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This curve shows t h a t  e f f i -  

During recharge,  e f f i c i e n c i e s  would b e  h igher  

Turbine i n l e t  temperature of 2000°R w a s  s e l e c t e d  f o r  use i n  A P S  design. This 

i s  compatible wi th  s ta te-of- the-ar t  t u rb ine  materials capab i l i t y .  Since no s ign i -  

f i c a n t  i nc rease  i n  power is obtained above t h i s  temperature,  and e f f i c i e n c y  is 

e s s e n t i a l l y  unaffected,  h igher  temperatures are no t  warranted. Figure D-55 p resen t s  

t y p i c a l  weights f o r  t he  hydrogen turbopump assemblies.  

s 3 . 3  Technology Evaluat ion - Critical turbopump operat ing parameters and 

cur ren t  demonstrated s ta te-of- the-ar t  pe r t a in ing  t o  these  parameters are given i n  

Figure D-56. 

e x i s t i n g  technology except f o r  t he  requirement of rap id  s h a f t  spin-up rates wi th  

r o l l i n g  element bear ings.  

pe l l an t - lub r i ca t ed  bear ings  and accommodate low l u b r i c i t y  of p rope l l an t s ;  however, 

extension of cu r ren t  cryo-lubed bear ing  spin-up c a p a b i l i t y  t o  t h e  APS requirements 

appear f e a s i b l e ,  based on cur ren t  opera t iona l  c a p a b i l i t y  of a i r  cooled (g raph i t e  

cage pockets) bear ings  used i n  an a i rcraf t  app l i ca t ion .  

150K rpm/sec spin-up and a cycle  l i f e  i n  excess of 25,000 starts. 

the  hydrogen turbopump t o  s p i n  up i n  0.25 t o  0.5 sec, which r e s u l t s  i n  a s h a f t  

acce le ra t ion  rate on t h e  order  of lOOK t o  200K rpm/sec (cur ren t  s ta te-of- the-ar t  

technology i s  40K rpm/sec). 

It can be seen t h a t  a l l  design requirements can be  achieved with 

This bear ing  design w a s  s e l e c t e d  t o  permit use  of pro- 

These bear ings provide 

The A P S  r equ i r e s  

D-3.4 Turbopump Cooling - It is  e s s e n t i a l  t o  pump design and opera t ion  t h a t  

the  p rope l l an t s  a t  the  pump i n l e t  be i n  a l i q u i d  s ta te  t o  prevent pump c a v i t a t i o n  

and overspeed. This requirement makes i t  necessary f o r  t h e  pump t o  be a t  t h e  

temperatures of t h e  l i q u i d  t o  prevent vaporizat ion.  This could b e  achieved by 

cooling t h e  pump p r i o r  t o  each pump ope ra t iona l  cyc le ,  o r  by maintaining the  pump 

i n  a "chi l led"  condi t ion wi th  a c t i v e  cooling. 

cycle  would r e q u i r e  : 

Cooling t h e  pump p r i o r  t o  each pump 

(1) 

(2) 

a d d i t i o n a l  con t ro l s  t o  perform t h e  chilldown 

a d d i t i o n a l  p rope l l an t  l o s s e s ,  s i n c e  p rope l l an t s  would b e  used f o r  

chilldown 

inc reases  i n  condi t ioner  l a g  t i m e  wi th  r e s u l t a n t  i nc reases  i n  accumulator 

s i z e .  
(3) 
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Cooling t h e  pump once and then keeping i t  cool  would r e q u i r e  an i n s u l a t e d  enclosure 

around t h e  pump, thermal i s o l a t i o n  of t h e  pump from t h e  t u r b i n e ,  and continuous 

a c t i v e  cooling. 

Continuous cooling w a s  t h e  approach s e l e c t e d .  The weight penal ty  a s soc ia t ed  

wi th  t h e  added enclosure,  and coolant  p r o p e l l a n t  l o s s e s ,  are much less than t h e  

weight pena l ty  a s s o c i a t e d  w i t h  chilldown f o r  each cycle.  This advantage occurs 

because t h e  amount of l i q u i d  p rope l l an t  r equ i r ed  f o r  continuous pump cooling i s  

s m a l l  when compared wi th  inc reases  i n  accamulator weight required by t h e  long 

response t i m e  f o r  chilldown of a h o t  pump p r i o r  t o  each cycle.  

Design Descr ipt ion - The major areas of i n t e r e s t  i n  turbopump cooling design 

are enclosure active cool ing,  and turbine/pump i s o l a t i o n .  

of t h e  turbopump enclosure used t o  eva lua te  active cool ing requirements is  shown 

i n  Figure D-57 wi th  t h e  major h e a t  t r a n s f e r  mechanisms (R f o r  r a d i a t i o n ,  C f o r  

conduction) i d e n t i f i e d  f o r  t h e  va r ious  s e c t i o n s .  Major h e a t  t r a n s f e r  con t r ibu t ions  

are environmental r a d i a t i o n ,  h e a t  conducted by t h e  pump o u t l e t  l i n e s ,  and h e a t  

conducted from t h e  tu rb ine .  

The h e a t  t r a n s f e r  model 

The pump enclosure i s  an i n s u l a t e d  aluminum shroud, employing a m u l t i l a y e r  

i n s u l a t i o n  (MLI) of about 1 i n  thickness  t o  i s o l a t e  thermally t h e  pump from t h e  

environment. The active cooling scheme keeps t h e  enclosure coo l  by vent ing l i q u i d  

hydrogen through a t u b u l a r  h e a t  exchanger on t h e  s u r f a c e  of t h e  enclosure.  Vented 

hydrogen i s  then passed through t h e  turbopump s h a f t  housing t o  i n t e r c e p t  h e a t  con- 

ducted from t h e  t u r b i n e  t o  ensure cool ing of t h e  pump i t s e l f  during non-use per iods.  

I s o l a t i o n  of t h e  pump from t h e  ho t  t u r b i n e  i s  accomplished by providing a 

h e a t  s h o r t  from t h e  t u r b i n e  t o  t h e  v e h i c l e  s t r u c t u r e ,  which p r e f e r e n t i a l l y  conducts 

h e a t  t o  t h e  s t r u c t u r e  r a t h e r  than t o  t h e  pump. 

cooling of  t h e  s h a f t  and i t s  housing, conduction of t u r b i n e  h e a t  t o  t h e  pump i s  

minimal. To p r o t e c t  t h e  pump enclosure from r a d i a t i o n  from t h e  s t r u c t u r e ,  a 1 i n  

l a y e r  of Micro-Quartz (a Johns Manville qua r t z  f i b e r  i n s u l a t i o n )  w a s  added t o  t h e  

pump s i d e  of t h e  support  s t r u c t u r e .  

When combined with t h e  active 

Analysis /Resul ts  - Active cool ing requirements were evaluated f o r  a system 

composed of 3 pumps/enclosures under ope ra t ing  cond i t ions ,  w i th  one turbopump 

ope ra t ing  and two t u r b i n e s  a t  ambient condi t ions.  Resul ts  are presented i n  Figure 

D-58. I n  o r d e r  t o  provide a conservat ive coolant  estimate, t h e  surrounding environ- 

ment and s t r u c t u r e  were assumed t o  b e  a t  600'R. 
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2 A nominal performance of 0.7 B t u / h r / f t  w a s  assumed f o r  t h e  MLI p r o t e c t i n g  

t h e  pump enclosure.  With r a d i a t i o n  from a 600"R environment: t o  t h e  6.3 f t  en- 

c losu re ,  13 Btu/hr w a s  c a l c u l a t e d  f o r  both hydrogen and oxygen systems. 

2 

Heat i n p u t  t o  t h e  pump from t h e  t u r b i n e  w a s  s u b s t a n t i a l l y  g r e a t e r  than from 

any o t h e r  source.  

from t h e  ope ra t ing  t u r b i n e  w a s  assumed t o  b e  1500"R. 

a t i o n  r e f l e c t s  t h e  l e a k  f o r  one ope ra t ing  and two ambient (600'R) temperature 

turbines .  

30 Btu/hr through t h e  housing on t h e  hydrogen s i d e ,  and 39 Btu/hr and 18 Btu/hr on 

t h e  oxygen s i d e .  

44 Btu/hr and 31 Btu/hr ,  f o r  hydrogen and oxygen r e spec t ive ly .  

from a l l  t u r b i n e s  i s  thus  137 Btu/hr f o r  t h e  hydrogen and 104.2 Btu/hr f o r  t h e  

oxygen. 

The mean t u r b i n e  temperature used f o r  eva lua t ing  t h e  h e a t  l e a k  

The t o t a l  h e a t  l eak  evalu- 

The h e a t  l eak  from t h e  ho t  t u r b i n e  was 45 Btu/hr through t h e  s h a f t  and 

The t o t a l  l e a k  from the  two ambient temperature tu rb ines  w a s  

The t o t a l  h e a t  l e a k  

For t h e  i n a c t i v e  turbopumps, one l i n e  of 1-1/2 i n  diameter w i t h  0.055 i n  w a l l s  

w a s  assumed t o  be connected i n t o  each enclosure a t  a d i s t a n c e  of 3 f t  from a 600"R 

source. 

and 4 Btu/hr-l ine f o r  t h e  oxygen l i n e  w e r e  obtained. 

ing from t h e  surroundings de l ive red  t o  t h e  enclosure by means of t h e  l i n e  w a s  

es t imated t o  be 1 Btu/hr-l ine.  

Conduction l e a k s  of approximately 5 Btu/hr-l ine f o r  t h e  hydrogen l i n e ,  

I n  a d d i t i o n ,  r a d i a t i v e  heat-  

The t o t a l  h e a t  t r a n s f e r r e d  t o  t h e  pump during ope ra t ion  i s  157.5 Btu/hr f o r  

t h e  hydrogen and 123.2 Btu/hr f o r  t h e  oxygen. 

t he  turbopumps is shown i n  Appendix D-1 and is  0.54 and 0.75 pounds per  hour f o r  

t h e  hydrogen and oxygen turbopumps r e spec t ive ly .  The oxygen turbopumps are 

cooled wi th  t h e  e f f l u x  from the  thermodynamic ven t  a f t e r  cool ing of t h e  hydrogen 

The p r o p e l l a n t  required t o  cool 

p a r t  of t h e  subsystem and does no t  r ep resen t  a weight pena l i t y .  For a t h r e e  day 

mission t h e  t o t a l  cool ing hydrogen required f o r  t h e  hydrogen turbopump i s  ap- 

proximately 40 pounds. The t o t a l  p rope l l an t  l o s s  f o r  cool ing t h e  pumps over t h e  

e n t i r e  mission does n o t  r ep resen t  a high penal ty .  

Turbine Cool-Down - Heat f l u x ,  and thus coolant  requirements,  a f t e r  t h e  tu r -  

b i n e  coo l s  t o  ambient cond i t ions  is  reduced by approximately 36 percent .  To esti- 

mate t h e  t i m e  f o r  t h e  ho t  t u r b i n e  t o  cool  t o  an ambient temperature,  c a l c u l a t i o n s  

have been performed f o r  cool ing by r a d i a t i o n  and conduction. These show t h a t  t h e  

h e a t  s h o r t  designed t o  minimize h e a t  flow from t u r b i n e  t o  pump during ope ra t ion  

w i l l  coo l  t h e  t u r b i n e  i n  about one hour. 
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The APS t h r u s t e r  assemblies r e q u i r e  t h a t  p r o p e l l a n t  b e  conditioned t o  approx- 

imately 200"R. This requirement i s  provided by hea t  exchanger assemblies,  which 

vaporize and superheat cryogenic Liquid p rope l l an t s .  During Subtask A, a simple,  

counterflow, tube-in-shell  h e a t  exchanger design w a s  s e l ec t ed .  This concept used 

products d i r e c t l y  from a 3500"R gas generator  t o  provide t h e  energy required f o r  

conditioning. I n  Subtask B ,  t h e  p r o p e l l a n t  condi t ioner  assembly was reevaluated,  

r ev i sed ,  and a new b a s e l i n e  concept e s t ab l i shed .  

of a 2000"R gas generator  are used f i r s t  t o  d r i v e  t h e  turbopump, then d i r e c t e d  t o  

t h e  h e a t  exchanger where a d d i t i o n a l  oxygen i s  added. 

t h e  energy f o r  p rope l l an t  conditioning. 

h e a t  exchanger w e r e  s i g n i f i c a n t l y  d i f f e r e n t  from those of t h e  Subtask A u n i t ,  an 

eva lua t ion  w a s  conducted t o  d e f i n e  design and performance. The following paragraphs 

d i scuss  h e a t  exchanger requirements,  a l t e r n a t e  reburn h e a t  exchanger concepts,  t h e  

s e l e c t e d  b a s e l i n e  concept, and i t s  design. 

I n  t h i s  r ev i sed  concept, products  

They are reburned t o  provide 

Since design requirements of t h i s  reburn 

D-4.1 Design Concept Sect ion - On t h e  b a s i s  of prel iminary concept a p p r a i s a l s  

and o v e r a l l  cond i t ione r  assembly performance requirements,  t h e  following gene ra l  

h e a t  exchanger c h a r a c t e r i s t i c s  were required:  

(1) 

(2) 

(3 )  

combustion of fue l - r i ch  t u r b i n e  exhaust gases  

hot  s i d e  temperatures t o  approximately 4200"R 

high cyc le  l i f e  w i th  h o t  t o  cold s i d e  temperature 

of 4000"R 

cold s i d e  p r o p e l l a n t  flow and p res su re  c o n t r o l l e d  on t h e  discharge s i d e  

of t h e  hea t  exchanger by accumulator p re s su re .  

g r a d i e n t s  i n  excess 

(4) 

A summary of h e a t  exchanger design cond i t ions  i s  presented i n  Figure D-59. 
Three primary types of h e a t  exchangers w e r e  considered. These concepts are 

shown schematical ly  i n  Figure D-60, and t h e i r  ope ra t ion  i s  presented i n  Figure D-61. 

Concept A uses  mul t i s t age  i n j e c t i o n  of ox id i ze r  i n t o  t h e  h e a t  exchanger. 

first oxygen i n j e c t i o n  s t a g e ,  an i g n i t e r  i s  used. 

A t  the 

The need f o r  a n  i g n i t e r  i s  e l i m i -  

na t ed  a t  a l l  subsequent s t a g e s  by prevent ing the  exhaust gases from cool ing below 

a u t o i g n i t i o n  level. 

v a l u e ,  determined by conventional material c o n s t r a i n t s ,  (approximately 2OOO"R) and a 

lower l i m i t ,  e s t a b l i s h e d  by t h e  a u t o i g n i t i o n  level,  (approximately 1600"R). I n  

t h i s  concept, enthalpy f o r  condi t ioning i s  provided w i t h  minimal stress on materials 

This i s  accomplished by c o n t r o l l i n g  t h e  h o t  gas between an upper 
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technology. However, a l a r g e  number of oxygen s t a g e s  i s  required.  

Concept B i s  similar t o  t h e  previous approach. It allows gas cool ing t o  

approximately 900"R, thereby minimizing t h e  number of oxygen s t a g e s  required.  

shown i n  Figure D-61, i t  does r e q u i r e  a n  i g n i t e r  source a t  each s t a g e ,  s i n c e  t h e  

gas  f a l l s  below t h e  a u t o i g n i t i o n  level.  This  concept provides t h e  b e n e f i t  of mini- 

mizing thermal environment (gas temperatures less than 2000'R) a t  t h e  expense of 

a d d i t i o n a l  c o n t r o l s  required f o r  r e i g n i t i o n  a t  each oxygen s t age .  

A s  

Concept C f e a t u r e s  a s i n g l e  r e - i g n i t i o n  cyc le ,  accomplished i n  t h e  h e a t  exchan- 

g e r .  

and e f f e c t i v e l y  u t i l i z e  high temperature gases.  It w a s  considered t h e  most des i r a -  

b l e ,  however, s i n c e  i t  minimizes t h e  r e - i g n i t i o n  and c o n t r o l s  complexity a s soc ia t ed  

wi th  t h e  reburn h e a t  exchanger. Thus, i t  was s e l e c t e d  as t h e  b a s e l i n e  h e a t  exchan- 

g e r  concept f o r  t h e  high p res su re  APS. 

This concept introduces a more d i f f i c u l t  design s i n c e  i t  is  required t o  con ta in  

Heat exchanger design is  i l l u s t r a t e d  i n  Figure D-62. The concept is  based on 

a p p l i c a t i o n  of i n j e c t o r  p l a t e  f a b r i c a t i o n  technology developed f o r  s taged combus- 

t i o n  engine c y c l e s ,  

t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  ho t  gas and t h e  cold p r o p e l l a n t  s i d e  of each p l a t e .  

A p l a t e l e t  cons t ruc t ion  technique provides c o n t r o l l e d  heat 

A l l  p r o p e l l a n t  t o  b e  conditioned enters t h e  r eburn  h e a t  exchanger i n  t h e  base,  

and flows up t h e  o u t s i d e  of t h e  s h e l l  and up through t h e  centers of t h e  p l a t e  assem- 
b l i e s .  

i n s i d e  surface.  

t op  and flows down along t h e  o u t s i d e  passages of t h e  p l a t e s .  The h e a t  i s  t r ans -  

f e r r e d  from t h e  p a r a l l e l  flowing h o t  gas t o  t h e  p rope l l an t  i n  both t h e  p l a t e s  and 

s h e l l .  

bottom of t h e  h e a t  exchanger and d i r e c t e d  t o  t h e  accumulators. 

The p r o p e l l a n t  i s  turned a t  t h e  t o p  of t h e  s h e l l  and flows down along t h e  

The p r o p e l l a n t  flowing up t h e  i n s i d e  o f ' t h e  p l a t e s  is  s p l i t  a t  t h e  

The p r o p e l l a n t  from both t h e  s h e l l  and t h e  p l a t e s  is  c o l l e c t e d  a t  t h e  

An oxygen d i s t r i b u t i o n  i n j e c t o r  is provided ahead of t h e  p l a t e s  t o  uniformly 

The i g n i t i o n  source f o r  t h e  t u r b i n e  exhaust gases  and t h e  GO2 i s  

I g n i t i n g  i n  t h e  

d i s t r i b u t i o n  manifold provides a s h o r t  du ra t ion  of high mixture ra t io  ho t  gas  

d i s t r i b u t e  GO2. 

a c a t a l y t i c  i g n i t e r  i n  t h e  GO manifold as shown i n  Figure D-62. 
GO 

f o r  i g n i t i o n .  

i n  providing an i g n i t i o n  technique t o  a l low uniform and c o n s i s t e n t  i g n i t i o n  between 

each of t h e  c l o s e l y  spaced p l a t e  assemblies.  

after s u f f i c i e n t  t i m e  has e lapsed t o  ach ieve  uniform combustion downstream of each 

of t h e  GO2 i n j e c t o r s .  

manifold of approximately 2500 - 3000'R h o t  gas f o r  s h o r t  du ra t ions ,  t h i s  c a t a l y t i c  

i g n i t e r  concept r e q u i r e s  s p e c i a l  a t t e n t i o n  during i n v e s t i g a t i o n  of t h e  o v e r a l l  re- 

i g n i t i o n  cycle.  D*91 

2 

2 
This approach w a s  taken because a major developmental concern rests 

The c a t a l y t i c  i g n i t e r  i s  turned o f f  

Requiring as i t  does t h e  d i s t r i b u t i o n  by t h e  GO2 i n j e c t o r  
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The b a s e l i n e  

i n  Figure D-62a. 

D-62b. Using t h e  

i n t e r n a l  p l a t e l e t  c o n f i g u r a t i o n  of t h e  hea t  exchangers is  defined 

The h e a t  exchanger performance and weights are shown i n  Figure 

def ined conf igu ra t ion , s t eady  state performance operat ing maps 

were defined. The hydrogen h e a t  exchanger ope ra t ing  maps are shown i n  F igure  D-62c 
f o r  a hot  gas i n l e t  ( t u r b i n e  discharge)  p re s su re  of 30 LBF/in 2 A and f o r  a hydrogen 

2 i n l e t  p re s su re  of 1045 LBF/in A. 

w a l l  temperature t o  above 500°R, and l i m i t i n g  t h e  v e l o c i t y  a t  t h e  e x i t  t o  less than  

sonic.  

on t h e  hea t  exchanger su r faces .  

The ope ra t ing  l i m i t s  are defined by l i m i t i n g  t h e  

A 500'R minimum w a l l  temperature is  r equ i r ed  t o  preclude f r e e z i n g  of water 

The s teady s ta te  h e a t  exchanger ope ra t ing  p o i n t  

f o r  only +X t h r u s t e r  usage i s  shown i n  F igure  D-62c(a). 

d i t i o n e d  hydrogen temperature i s  250°R, t h e  condi t ioning .assembly is  ope ra t ing  a t  
a n  o v e r a l l  mixture  r a t i o  of 2.55 and t h e  exhaust gas  is  above t h e  condensation 

A t  t h i s  p o i n t  t h e  con- 

l i m i t .  

+X t h r u s t e r  f i r i n g  r e s u l t s  i n  the operat ing map shown i n  Figure D-62c(b). 

t h e  recharge c y c l e  t h e  hydrogen p res su re  w i l l  be  inc reas ing  above 1045 p s i a  and w i l l  

reach t h e  2000 p s i a  shown i n  t h e  performance maps defined i n  Figure D-62d. 
corresponding operat ing p o i n t  is shown i n  F igu re  D-62d(a). 

Increasing t h e  t h r u s t e r  usage by 25% t o  al low a t t i t u d e  c o g t r o l  usage during 
During 

* 

The 

The ope ra t ing  performance maps f o r  t h e  oxygen h e a t  exchangers are shown i n  

Figures  D-62e and D-62f. 

The a p p l i c a t i o n  of t h e  p l a t e l e t  i n j e c t o r  technology f o r  t h e  hea t  exchanger i s  

an extension of r e l a t e d  technologies.  

conducted, wherein p l a t e  assemblies were used t o  provide i n t e r p r o p e l l a n t  hea t  

exchange between gaseous hydrogen a t  room temperature and l i q u i d  oxygen. 

gram demonstrated t h e  a b i l i t y  of t h e  p l a t e  assemblies t o  e f f e c t  s u f f i c i e n t  h e a t  

exchange t o  convert  t h e  l i q u i d  oxygen t o  gas .  It a l s o  i d e n t i f i e d  techniques f o r  

c o n t r o l  of t h e  p l a t e  flow channels t o  achieve increased p r o p e l l a n t  s i d e  hea t  t r ans -  

f e r  c o e f f i c i e n t s .  The b a s i c  p l a t e  f a b r i c a t i o n  techniques were a l s o  demonstrated as 

a p a r t  of s taged combustion cyc le  demonstrations f o r  several i n j e c t o r  concepts.  

Design Analysis - The l a r g e  ho t  gas enthalpy change r equ i r ed  i n  t h e  

A p l a t e l e t  h e a t  exchanger program has been 

This  pro- 

D-4.2 

h e a t  exchanger i s  i n h e r e n t l y  a s soc ia t ed  w i t h  a l a r g e  temperature change between hot  

gas i n l e t  and o u t l e t .  A t  t h e  i n l e t ,  temperatures exceed 4000°R, r e q u i r i n g  t h a t  ho t  

s i d e  f i l m  c o e f f i c i e n t s  be as low as poss ib l e ,  and corresponding cold s i d e  c o e f f i -  

c i e n t s  be as high as p o s s i b l e  t o  maintain w a l l  temperatures below t h e i r  upper l i m i t .  

Opposite requirements are imposed a t  t h e  o u t l e t  where h o t  gases are cooled t o  their  

lowest temperature. 

low cold s i d e  c o e f f i c i e n t s ,  so  t h a t  t h e  w a l l s  remain a t  high enough temperature t o  

D-93 

Here i t  is  d e s i r a b l e  t o  have h igh  h o t  s i d e  c o e f f i c i e n t s  and 
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INLET PRESSURE (HEATING SECTION) 
OUTLET PRESSURE (HEATING SECTION) 
INLET TEMPERATURE (HEATING SECTION) 
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preclude condensation and i c i n g  of water vapor i n  t h e  ho t  gas products.  

s e l e c t e d  p l a t e  h e a t  exchanger concept provides enough design f l e x i b i l i t y  t o  achieve 

t h e  required performance w i t h i n  t h e  w a l l  temperature c o n s t r a i n t s ,  because t h e  flow 

passage geometry of both ho t  and cold s i d e s  can b e  a l t e r e d ,  as r equ i r ed ,  t o  c o n t r o l  

f i l m  h e a t  t r a n s f e r  rates. Figures  D-63 and D-64 show p red ic t ed  o u t e r  w a l l  tempera- 

t u r e s  and f i l m  c o e f f i c i e n t s  as a func t ion  of axial p o s i t i o n  i n  hydrogen and oxygen 

hea t  exchanger p l a t e s ,  r e spec t ive ly .  

The 

The a n a l y t i c a l  h e a t  exchanger design c h a r a c t e r i s t i c s  w e r e  developed by start-  

ing wi th  an i n i t i a l  s e l e c t i o n  of passage geometry, p l a t e  s i z e ,  number of p l a t e s ,  

and given i n l e t  and o u t l e t  gas  condi t ions.  

which hea t  exchanger l eng th  and passage geometry were balanced aga ins t  w a l l  
temperature. The computerized design a n a l y s i s  used a one-dimensional c o n t r o l  volume 

approach; cold and hot  f low passages w e r e  divided i n t o  f i n i t e  increments f o r  simul- 

taneous s o l u t i o n  of c o n t i n u i t y ,  momentum, and energy equat ions f o r  each sec t ion .  

An iterative procedure w a s  followed, i n  

P l a t e  passage geometry i s  presented i n  Figure D-65 (which shows a c r o s s  s e c t i o n  

of a t y p i c a l  hydrogen p l a t e ) .  As shown, passage width is  increased as p r o p e l l a n t  

flows down t h e  p l a t e .  A flow area increase occurs as t h e  f l u i d  h e a t s  up and ex- 
pands. The v e l o c i t y  and co ld  s i d e  f i l m  c o e f f i c i e n t  are maintained n e a r l y  cons t an t  

along t h e  p l a t e .  

The corresponding ho t  s i d e  flow 

i n l e t ,  p l a t e  spacing i s  maximized t o  

ing  i s  reduced towards t h e  o u t l e t  t o  

e x i t .  

A f requent  problem i n  cryogenic 

geometry is  the opposi te .  Near the hot  s i d e  

reduce hot s i d e  f i l m  c o e f f i c i e n t .  P l a t e  spac- 

i nc rease  t h e  ho t  s i d e  f i l m  c o e f f i c i e n t  a t  t h e  

hea t  exchangers i s  t h e  occurrence of low f r e -  

quency flow and p res su re  o s c i l l a t i o n s .  
cryogenic h e a t  exchangers has  been i n v e s t i g a t e d  under NASA-MSFC, Contract 

Unstable ope ra t ion  of s u p e r c r i t i c a l ,  

NAS 8-21052. 

of t h e o r e t i c a l  a n a l y s i s  which allows eva lua t ion  of s u p e r c r i t i c a l  heat  exchangers 

f o r  p o t e n t i a l  i n s t a b i l i t y .  

and proved t o  b e  reasonably success fu l .  

t o  i n d i c a t e  whether ope ra t ion  of a given design would b e  i n h e r e n t l y  s t a b l e  o r  un- 

s t a b l e .  

changer c h a r a c t e r i s t i c s  formulated by t h e  c r i t e r i o n .  

A s impl i f i ed  s t a b i l i t y  c r i t e r i o n  w a s  developed on t h e  b a s i s  

The c r i t e r i o n  has  been compared wi th  experimental  d a t a  

It uses  a s t eady- s t a t e  a n a l y s i s  technique 

F igu re  D-66 shows t h e  gene ra l  c l a s s i f i c a t i o n  of t h e  e f f e c t s  of h e a t  ex- 

I n  applying these  e f f e c t s  t o  t h e  recharge t r a n s i e n t ,  r e s u l t s  are mixed, b u t  

t h e  over-al l  i n f luence  appears  t o  be  toward g r e a t e r  h e a t  exchanger s t a b i l i t y  a t  

t h e  higher  p re s su res  and lower flow rates as t h e  accumulators recharge. 
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b 

A stress a n a l y s i s  was conducted using s t e a d y  s ta te  wall temperatures  and a 
2 maximum p r e s s u r e  of  2475 LBF/in A ,  al lowing f o r  a n  over shoot  of t h e  des ign  maximum 

pressure.  The fol lowing r e s u l t s  were obtained. 

D-4.3 Controls Requirements - H e a t  exchanger cold s i d e  p re s su res  w i l l  i n c r e a s e ,  

and t h e  flow rate decrease,  during accumulator recharge.  

p re s su re  cond i t ion  r e q u i r e s  t h a t  h e a t  exchanger oxygen flow rates be  reduced t o  
provide a corresponding r educ t ion  i n  t h e  t o t a l  ho t  gas enthalpy a v a i l a b l e .  

t i a l  c o n t r o l  concepts are shown schematical ly  i n  Figure D-68. 

and o u t l e t  temperature f o r  each c o n t r o l  concept are presented i n  Figure D-69. 

This change i n  flow and 

Poten- 

Heat exchanger i n l e t  

For Concept A,  reburn oxygen flow rate  i s  t h r o t t l e d  t o  r e t a i n  a maximum ho t  

s i d e  temperature,  and l i q u i d  flow is  bypassed around t h e  h e a t  exchanger t o  maintain 

minimum h o t  gas e x i t  temperatures and r e q u i s i t e  cold s i d e  o u t l e t  temperatures.  

This concept i s  t h e  most complex of t hose  evaluated and provides t h e  most p r e c i s e  

c o n t r o l  of f l u i d  temperatures and enthalpy balances.  

I n  Concept B y  h e a t  exchanger reburn oxygen flow i s  t h r o t t l e d  t o  r e t a i n  t h e  

The t h r o t t l e  could be  con t ro l l ed  on t h e  des i r ed  p r o p e l l a n t  o u t l e t  temperature. 

b a s i s  of sensed pump discharge o r  accumulator p re s su re .  

continuous dynamic flow c o n t r o l  of a s m a l l  q u a n t i t y  of gaseous oxygen. 

This concept r e q u i r e s  a 

Concept B w a s  s e l e c t e d  i n  o rde r  t o  l i m i t  maximum combustion temperature,  and 

t o  maintain hea t  exchanger o u t l e t  temperature above t h e  condensation l i m i t .  
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The A P S  uses  gas generator  products t o  provide power f o r  turbopump ope ra t ion  

and energy t o  t h e  hea t  exchangers. 

c a p a b i l i t y  t o  maintain accumulator p re s su re  at  o r  near switching p res su re  level 

during s teady state operat ion.  They must a l s o  provide increased flow and power 

t o  t h e  t u r b i n e  during cond i t ione r  s tar t -up.  I n  a d d i t i o n ,  t h e  gas  gene ra to r s  must 

maintain exhaust temperatures wi th in  limits necessary t o  ensure t u r b i n e  blading 

s t r u c t u r a l  i n t e g r i t y .  

Gas generators  are r equ i r ed  t o  have t h r o t t l i n g  

The design condi t ions f o r  t h e s e  subassemblies are: 

(1) a 2000"R combustion temperature 

(2) flow rates of 0.44  l b / s e c  and 0.26 l b / s e c  t o  t h e  hydrogen and oxygen 

t u r b i n e s  r e s p e c t i v e l y  

a nominal operat ing p res su re  of 500 l b f / i n  a 

minimum p r o p e l l a n t  i n l e t  temperature of 200"R and 350°R, r e s p e c t i v e l y  

f o r  hydrogen and oxygen. 

2 
(3) 

( 4 )  

This appendix d i scusses  gas generator  design, c o n t r o l s ,  performance s e n s i t i v -  

i t y  t o  p r o p e l l a n t  temperatures,  and c r i t i ca l  technology areas. 

D-5.1 Design - The hydrogen gas  gene ra to r  design s e l e c t e d  f o r  t h e  APS is 

shown i n  Figure D-70. This u n i t  ope ra t e s  from gaseous hydrogen and oxygen pro- 

p e l l a n t s .  Gaseous p r o p e l l a n t  i n j e c t i o n  has  been demonstrated a t  chamber p re s su res  

of 100 t o  800 l b f / i n 2 a  and mixture  r a t i o s  of 2 t o  6; t hus ,  i t  is  r e a d i l y  adap tab le  

t o  t h e  low mixture  r a t i o  gas generator  operat ion.  

ates similar t o  t h e  hydrogen u n i t  b u t  is  s l i g h t l y  d i f f e r e n t  phys i ca l ly  t o  accommo- 

d a t e  a lower flow rate. 

The oxygen gas  generator  oper- 

The gas generator  des ign  provides l i nked  on-off valves t o  c o n t r o l  t h e  primary 

p r o p e l l a n t s  t o  t h e  gas generator  and a s s u r e  proper p r o p e l l a n t  sequencing with t h e  

spark to rch  i g n i t e r .  

vided downstream of t h e  l i nked  valves wi th  t h r o t t l i n g  valves i n  one l e g  of each 

p a r a l l e l  c i r c u i t  t o  provide t h r o t t l i n g  by allowing a d d i t i o n a l  flow r e s i s t a n c e  i n  

each p r o p e l l a n t  c i r c u i t .  

A p a r a l l e l  flow pa th  i n  bo th  p rope l l an t  c i r c u i t s  i s  pro- 

The p rope l l an t  supply l i n e s  and i n j e c t o r  manifolding is  designed t o  provide 

p r o p e l l a n t  f low v e l o c i t i e s  of less than  Mach 0.3 i n  t h e  c i r c u i t s  up t o  t h e  i n j e c t o r  

elements. The i n j e c t o r  proposed i s  an impinging c o a x i a l  element concept. The 

D-103 
MCDONNELL DOUGLAS ASTRONAUTlCS COMPANY = EAST 



HlGH PRESSURE APS 
SUBTASK 6 

REPORT MDC E0298 
12 FEBRUARY 7971 

element provides a uniform and homogeneous h o t  gas flow stream down t h e  GG b a r r e l  

and a t  t h e  i n l e t  t o  t h e  t u r b i n e  nozzles. 

347 S t a i n l e s s  Steel. 

The i n j e c t o r  is f a b r i c a t e d  of brazed 

An electrical spa rk  i g n i t e r  discharges and i g n i t e s  a small t o r c h  flame down 

t h e  c e n t e r  of t h e  i n j e c t o r ,  

e lectr ical  spark to rch  concept. 

by t h e  primary gas generator  on-off valves. 

This i g n i t e r  i s  similar t o  a demonstrated engine 

P rope l l an t  t o  t h e  electrical i g n i t e r  i s  con t ro l l ed  

The flow v e l o c i t i e s  s e l e c t e d  r e s u l t  i n  p r o p e l l a n t  feed l i n e s  of 3/8 i n . i n t e r -  

n a l  flow diameter through t h e  l i nked  p rope l l an t  c o n t r o l  valves (on-off) f o r  both 

t h e  hydrogen and oxygen gas  generators .  

flow r e s i s t a n c e  o r i f i c e  are 1 /4  in . f low diameter through t h e  t h r o t t l i n g  valves f o r  

t h e  hydrogen gas generator  and 1/8 i n . f o r  t h e  oxygen gas generator .  These flow 

c i r c u i t s  are s i zed  t o  provide 40% g r e a t e r  flow c a p a b i l i t y  than t h e  flow through 

t h e  primary o r i f i c e d  flow path. The flow o r i f i c e s  are s i z e d  f o r  t h e  primary flow 

of each gas  generator .  The manifold volumes f o r  each p r o p e l l a n t  c i r c u i t  from t h e  

l inked p r o p e l l a n t  c o n t r o l  valves t o  t h e  i n j e c t o r  f a c e  are: 

The p a r a l l e l  bypass l i n e s  around t h e  

Manifold Volume = 3" flow l eng th  @ 3/8" I.D. + i n j e c t o r  volume + 

+ t h r o t t l i n g  valve 
2.5" flow l eng th  @ 1/4" I .D.  (Kydrogen GG) 

2.5" flow l eng th  @ 1/8" I.D. (Oxygen GG) 

I n j e c t o r  Manifold Volumes = 2" d i a  - 1" d i a  x 1/2" t h i c k  = 1.6 cu. i n .  

T h r o t t l i n g  Valve Volumes - 0.2 cu. i n .  

Each P rope l l an t  C i r c u i t  f o r  Hydrogen Gas Generator has 2.27 cu. i n .  

Each P rope l l an t  C i r c u i t  f o r  Oxygen Gas Generator has 2.18 cu. in.  
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The i n j e c t o r  is coupled t o  a subsonic chamber, having s u f f i c i e n t  length  t o  

ensure complete p rope l l an t  r e a c t i o n  and uniform ho t  gas temperatures a t  t h e  tu rb ine  

i n l e t .  The in su la t ed  ( ad iaba t i c  wa l l )  chamber i s  f ab r i ca t ed  of A286 a l loy .  

The chamber has  a c y l i n d r i c a l  b a r r e l  wi th  a low ho t  gas v e l o c i t y  and a sub- 

son ic  converging s e c t i o n  a t  t h e  e x i t  t o  provide an  e x i t  Mach of 0.5. 

The stress of t h e  chamber is  dependent upon t h e  w a l l  th ickness .  The w a l l  
th ickness  d i c t a t e s  t he  r e s u l t a n t  hoop stress based upon t h e  Pr r e l a t i o n s h i p  and 

t h e  r e s u l t a n t  thermal stress based upon t h e  following: t 

E * C y  Tf cr(therma1 s t r e s s )  = 
3.25 k 

( l  (1.5 ' h , t 

where; E = Young's modulus 

Cy = Coef f i c i en t  of Thermal Expansion 

Tf = Suddenly appl ied  f i l m  Temperature, O R  

p = Poisson 's  Rat io  

k = thermal conduct iv i ty  

h = hea t  t r a n s f e r  c o e f f i c i e n t  

t = material th ickness  

Based on a l O O O O R  assumed temperature a t  t h e  worst  g rad ien t  and a subsonic 
2 hea t  t r a n s f e r  c o e f f i c i e n t  of 7.55 x lom4 BTU/in -sec-'R t h e  resul tant  thermal 

stress f o r  a 0.030 in .wal1 i s  10,400 p s i  and f o r  0.050 in.wal1 i s  16,900 p s i .  

These l e v e l s  compare t o  a hoop stress level of only 8,400 p s i  f o r  t h e  0.03 in .  

w a l l  th ickness .  The 

creep stress rup tu re  of t h e  material is 17,000 p s i  sus ta ined  f o r  60 hours a t  

1500OR. These l e v e l s  i d e n t i f y  t h a t  t h e  0.05 h w a l l  thickness  has s u f f i c i e n t  

des ign  margin, however, a d d i t i o n a l  thermal stress s a f e t y  f a c t o r  w i l l  b e  achieved 

by u t i l i z i n g  a 0.030 in.wal1. 

The A286 has a y i e l d  s t r e n g t h  of 20,000 p s i  a t  1500'R. 
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D-5.2 Gas Generator Controls - The gas generator is sequenced on with a 
signal to open the linked gas generator valves and a signal to the electrical 
igniter. 

igniter and the primary injector parallel flow circuits. 
added assurance of proper propellant sequencing and minimizes potential mixture 
ratio variations due to valve inaccuracies. 
flow circuit between the linked bipropellant valve seats and the gas generator 
injector limit gas generator operation to 80% power level. A bypass flow circuit 
around each orifice, with separately activated throttling valves, allows bypassing 
of additional hydrogen or oxygen around the calibrated orifices to adjust the 
power level of the gas generator on demand. 

trols gas generator temperature and mixture ratio in response to gas generator 
exhaust temperatures. 

Opening the bipropellant valve sends gaseous oxygen and hydrogen through the 

The linked valve provides 

Calibrated orifices in each propellant 

The oxygen throttle valve also con- 

Throttling of the gas generator valves for power level control would occur 
during major orbital maneuvers and during accumulator recharge. 
of a major maneuver the gas generator power level feedback controller would be 
activated to control to minimum accumulator pressure. The feedback controls would 
be sequenced to allow accumulator recharge at a reduced power level when thruster 
firing has terminated. The throttle valve is an electric torque motor actuated 
design where the pneumatically balanced poppet is actuated by a torque motor driven 
ball screw. 

Before the start 

The linked bipropellant valve is shown in Figure D-70 with a piloted pneumatic 
actuator; however, electrical actuation with a torque motor, motor - clutch, or 
solenoid actuator are feasible alternatives. 

D-5.3 Gas Generator Performance - Gas generator sensitivity to inlet condi- 
tions is presented in Figures D-71 through D-74a for both hydrogen and oxygen units. 
These figures show the sensitivity of gas generator chamber pressure and total 
flow rate to inlet temperature and pressure. Combustion temperature performance 
is presented in Figure D-75 for a range of mixture ratios and hydrogen inlet 
temperatures. 

and chamber pressures. 
Figure D-76 illustrates gas generator weight for various flow rates 

D-5.4 Technology Areas - The development of an on/off gas generator to pro- 
2 vide 2000'R hot gas at a pressure level of 500 lbf/in a is a straightforward appli- 

cation of APS gaseous propellant technology. 
requires development of throttling control capability and closed feedback loop 
analysis. 

The primary technology area involved 
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Successful v e h i c l e  c o n t r o l  r equ i r e s  a r e l i a b l e  and responsive A P S .  Conditioned 

p r o p e l l a n t  a v a i l a b l e  a t  a l l  times f o r  A P S  t h r u s t e r  ope ra t ion  is  provided i n  t h e  

A P S  by t h e  use of accumulators which s t o r e  t h e  gaseous p r o p e l l a n t s  u n t i l  they are 

required f o r  use by t h e  t h r u s t e r  assemblies.  The accumulators ope ra t e  i n  a blow- 

down mode from a maximum ope ra t ing  p res su re  t o  a switching pressure.  

switching p res su re  t h e  cond i t ione r  assembly i s  ac tua ted  t o  re-supply conditioned 

p rope l l an t  t o  t h e  accumulator. 

t o r  p re s su re  continues t o  decay during condi t ioner  s t a r t -up  u n t i l  t h e  eond i t ione r  

i s  capable of supplying thb  accumulator outflow rate. 

A t  t h e  

Under condi t ions of maximum APS t h r u s t ,  t h e  accumula- 

A minimum accumulator pres- 

s u r e  i s  reached and p res su re  then remains e s s e n t i a l l y  cons t an t  u n t i l  maximum 

t h r u s t e r  ope ra t ion  is terminated. 
t o  i ts  maximum pressure.  

The cond i t ione r  then recharges t h e  accumulator 

The accumulators are s i z e d  by two cri teria:  1) t o  l i m i t  t h e  number of condi- 

t i o n e r  s t a r t -up  cyc le s  and 2) t o  l i m i t  p r e s su re  decay t o  a s p e c i f i e d  minimum 

pres su re  level during condi t ioner  s t a r t -up .  

cyc le s ,  t h e  accumulator must provide a gas  s to rage  c a p a b i l i t y ,  and thus  t o t a l  

impulse, during blowdown from i t s  maximum t o  i t s  switching pressure.  The number of 

condi t ioner  cyc le s  is  t h e r e f o r e  dependent upon t h e  subsystem t o t a l  impulse require-  

ment and t h e  t o t a l  impulse s t o r a g e  c a p a b i l i t y  during each accumulator blowdown 

cycle .  For a s e l e c t e d  number of cond i t ione r  s t a r t - u p  cyc le s ,  t h e  blowdown gas 

mass and thus  t h e  blowdown p res su re  r a t i o  (Pmax/Psw) r equ i r ed  can be  evaluated f o r  

a given accumulator volume. The second cri teria de f ines  accumulator volume, i .e . ,  

accumulator volume is s i z e d  such t h a t ,  during t h e  cond i t ione r  s t a r t - u p  t r a n s i e n t ,  

s u f f i c i e n t  gas  is a v a i l a b l e  t o  keep t h e  accumulator from decaying below a minimum 

pres su re  level. 

with maximum t h r u s t e r  operat ion.  

decaying below t h e  minimum value r equ i r ed  f o r  t h r u s t e r  operat ion,  i t  i s  necessary 

t o  in i t ia te  cond i t ione r  ope ra t ion  a t  a switching p res su re  above t h e  minimum, 

providing t h e  a d d i t i o n a l  gas mass f o r  ope ra t ion  during t h e  t r a n s i e n t .  The accum- 

u l a t o r  volume necessary t o  provide t h i s  gas  i s  dependent upon t h e  APS t o t a l  t h r u s t  

level (outflow r a t e ) ,  t h e  cond i t ione r  s t a r t -up  t i m e ,  and t h e  r a t i o  of t h e  condi- 

t i o n e r  switching p res su re  t o  t h e  accumulator m i n i m u m  p res su re  (Psw/Pmin). 

To l i m i t  t h e  number of cond i t ione r  

During start  up, t h e  cond i t ione r  cannot s a t i s f y  flow requirements 

Thus t o  keep t h e  accumulator p re s su re  from 
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From t h e  preceeding discussion it  can be seen that accumulator s i z i n g  is r e l a t e d  

t o  several f a c t o r s ,  t o t a l  t h r u s t  level,  t o t a l  impulse requirement, Pswitch 
Pswitch 
Pmin 

and 

, t h e  number of cyc le s ,  and cond i t ione r  start up t i m e .  The t o t a l  system 

t h r u s t  impulse requirements are f i x e d  items, def ined by v e h i c l e  requirements.  

analyses  presented i n  t h i s  s e c t i o n  were conducted t o  determine the e f f e c t  of t h e  

accumulator p re s su re  r a t i o s ,  cond i t ione r  cyc le  requirements,  and cond i t ione r  start- 

up t i m e  on accumulator s i z e  and weight. 

The 

D-6.1 Conditioner Assembly Transient  Analysis - To s i ze  accumulators f o r  a 

minimum weight conf igu ra t ion  and t o  i n s u r e  a minimum pres su re  t o  the t h r u s t e r  

assemblies,  t h e  cond i t ione r  t r a n s i e n t  s t a r t u p  t i m e  o r  equivalent  cond i t ione r  l a g  

t i m e  must be determined. For a n a l y s i s  convenience, an equ iva len t  l a g  t i m e  is used 

f o r  A P S  design and s i z i n g  i n s t e a d  of a c t u a l  cond i t ione r  t r a n s i e n t  c h a r a c t e r i s t i c s .  

Equivalent cond i t ione r  l a g  t i m e  i s  def ined as t h e  t i m e  w i t h  no flow i n t o  t h e  

accumulator which would produce an accumulator p re s su re  decay equal  t o  t h a t  

. exh ib i t ed  by t h e  a c t u a l  assembly. Evaluation of t h i s  p re s su re  decay and thus 

equivalent  l a g  t i m e  r equ i r ed  mathematical modeling of t h e  dynamic behavior of t h e  

i n d i v i d u a l  cond i t ione r  assembly components and t h e i r  r e spec t ive  i n t e r f a c e s .  
D-6.2 Conditioner Assembly Mathematical Model - The model designed f o r  condi- 

t i o n e r  t r a n s i e n t  a n a l y s i s  w a s  based upon t h e  following assumptions: 

(1) 
(2)  t u r b i n e  e f f i c i e n c y  is  constant  

(3 )  a l l  l i n e s  are f r i c t i o n l e s s  

( 4 )  a l l  components are thermally i n s u l a t e d  

(5) a l l  gases  are i d e a l  with constant  s p e c i f i c  h e a t s  taken i n  t h e  regions of 

i n t e r e s t  

( 6 )  valve response i s  equivalent  t o  a 50 mi l l i s econd  square wave delay 

(7) gas gene ra to r  combustion response is  equ iva len t  t o  a 10  mil l isecond square 
wave delay. 

i n e r t i a l  e f f e c t s  of p r o p e l l a n t s  w i th in  l i n e s  may b e  neglected 

The valve and gas gene ra to r  response were assumed t o  be  represented by f i x e d  square 

wave delays.  The turbopump, hea t  exchanger, and accumulator t r a n s i e n t s  were modeled 

on t h e  b a s i s  of  t h e  above assumptions. The equat ions governing t h e  dynamic behavior 

of t h e s e  components were based upon: 

(1) t h e  turbopump equat ions of motion, where t h e  rate of change of turbopump 

angular  momentum i s  equal  t o  t h e  t u r b i n e  torque minus t h e  pump torque;  
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(2 )  t h e  hea t  exchanger energy balance,  where t h e  rate of change of hea t  

exchanger i n t e r n a l  energy is  equal  t o  t h e  rate of hea t  inf low on t h e  

hot  s i d e  minus t h e  rate of enthalpy outflow on the  cold s i d e  

accumulator energy balance where t h e  rate of change of accumulator 

temperature and p r e s s u r e  w a s  der ived  from simultaneous s o l u t i o n  of t h e  

energy and mass conservat ion equations.  

(3 )  

When appl ied  t o  t h e  A P S  condi t ioning assembly, t h e s e  b a s i c  equat ions express  

t h e  r e l a t i o n s h i p s  between turbopump speed, heat-exchanger w a l l  temperature,  

accumulator temperature and pressure ,  and t h e i r  r e spec t ive  t i m e  de r iva t ives .  The 

equat ions were solved using a s tandard  f i n i t e  d i f f e rence  approach. For each t i m e  

s t e p  t h e  t i m e  de r iva t ives  w e r e  ca l cu la t ed ,  and i n t e g r a t e d  t o  provide new d e r i v a t i v e s  

f o r  t h e  next  t i m e  s t ep .  Figure D-77 provides  a summary of design da ta  f o r  t h e  

base l ine  condi t ioner  components. 

desc r ip t ion  of t h e  analyses  of t hese  components when i n t e g r a t e d  as a condi t ioner  

assembly. 

D-6.3 

The remainder of t h i s  s e c t i o n  presents  a d e t a i l e d  

Turbopump - The t i m e  rate of change of  t he  turbopump speed is  equal  t o  

t h e  rate of change of turbopump angular  momentum divided by t h e  moment of i n e r t i a .  

The rate of change of  angular  momentum is  equal  t o  t h e  d i f f e rence  between t u r b i n e  

and pump torque.  

t u rb ine  torque is  a l i n e a r  func t ion  of speed. 

product of t h e  pump head and mass rate of flow divided by t h e  pump e f f i c i ency .  

The r e l a t i o n s h i p  between pump flow, e f f i c i e n c y ,  speed, and head w e r e  determined 

using t h e  normalized pump performance curve of Figure D-78,. 

Since tu rb ine  e f f i c i e n c y  and power are assumed cons t an t ,  t h e  

Pump torque w a s  based upon t h e  

D-6.4 H e a t  Exchanger - The hea t  exchanger w a l l  temperature t i m e  d e r i v a t i v e  is 

equal  t o  t h e  rate of change of hea t  exchanger i n t e r n a l  energy divided by t h e  pro- 

duct of t h e  hea t  exchanger mass and s p e c i f i c  hea t .  

energy was t h e  d i f f e rence  between t h e  rate of  hea t  i n t o  the  exchanger on t h e  hot- 

gas s i d e  and t h e  rate of enthalpy out  on t h e  cold s i d e .  

determined from t h e  product of t h e i r  r e spec t ive  s t eady- s t a t e  hea t  t r a n s f e r  coef- 

f i c i e n t s  and t h e  temperature g rad ien t  obtained using t h e  cu r ren t  w a l l  temperature.  

The s t eady- s t a t e  hea t  t r a n s f e r  c o e f f i c i e n t s  are chosen such t h a t ,  when t h e  w a l l  

temperature equals  t h e  l o g  mean of  t h e  s teady-s ta te  cold-side and hot-s ide tempera- 

t u r e s ,  t h e  rate of hea t  i n  on t h e  ho t  side equals  t h e  rate out  on the cold s ide .  

The rate of change of i n t e r n a l  

The hea t  rates were 

. -  1> - . 

D-115 

MCDONNELL DOUGLAS ASrRONAUTICS COMPANY e EAST 



HIGH PRESSURE APS 
SUBTASK B 

REPORT MDC E0298 
12 FEBRUARY 1971 

PARAMETER 

TURBO PUMP 
MOMENT OF INERTIA 
SPEED AT MINIMUM HEAD 
TURBINE EFFICIENCY 
TURBINE MEAN BLADE TIP RADIUS 
RATIO OF MEAN TIP SPEED TO SPOUTING 

MASS RATE OF FLOW ACROSS TURBINE 
PUMP EFFICIENCY AT MINIMUM HEAD 
PUMP EFFICIENCY AT DESIGN CONDITIONS 

VELOCITY 

HEAT EXCHANGER 
MASS 
MEAN HOT SIDE TEMPERATURE 
COLD SIDE EXIT TEMPERATURE 

ACCUMULATOR 
RATE OF MASS OUTFLOW (4  ENGINES FIRING) 
STEADY STATE TEMPERATURE 
MINIMUM PRESSURE 
VOLUME(MIN WEIGHT FOR 0.5 SEC LAG) 

UNITS 

LB./IN~ 
REV,UI I N 

z 
INCHES - 
LB/SEC 

% 
% 

L B  
OR 
OR 

LB/SEC 
OR 

LBF/IN~.A 
FT3 

VALUE 

H2 

10.386 
66286. 
46.0 
5.2 
.29 

.4256 
40.0 
57.6 

74.1 
2266. 
252. 

3.66 
252. 
1021. 

29. 

0 2  

2.664 
34661. 
23.1 
4.3 
,125 

.254 
40.0 
54.7 

52.7 
2521 
458. 

14.15 
458. 
914 
11.6 

CO NDl TlO NI NG ASSEMBLY COMPON ENT DATA 
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During recharge t h e  mass flow rate through 

exchanger temperature must be reduced t o  avoid 
t h e  pump decreases and t h e  hea t  

loading extremely high temperature 

propel lan t  i n t o  t h e  accumulator. 

add i t ion  t o  t h e  hea t  exchanger. 

reducing t h e  hot  s i d e  temperature t o  t h a t  of t he  tu rb ine  o u t l e t .  

This was accomplished by t h r o t t l i n g  t h e  oxygen 

This s i t u a t i o n  i s  simulated i n  t h e  model by 

D-6.5 Conditioning Assembly Transient Analysis Resul ts  - The condi t ioning 

assembly transient model provided a c c m u l a t o r  pressure  decay h i s t o r i e s  f o r  var ious  

accumulator volumes. Figure D-79 presents  parametric da ta  on accumulator pressures  

during t h e  condi t ioner  start t r a n s i e n t s .  As shown when power is increased  above 

t h a t  requi red  f o r  s teady state opera t ion  t h e  amount of accumulator pressure  decay 

is  reduced and hence t h e  equivalent  condi t ioner  response t i m e  is improved. The 

reduct ion i n  pressure  decay during s t a r t u p  is s i g n i f i c a n t  wi th  only s m a l l  i nc reases  

i n  tu rb ine  power (5-10%) but f u r t h e r  ga in ,  by continued power inc reases ,  is  l i m i t e d .  

Based on these  r e s u l t s  it was concluded t h a t  small power inc reases  during t h e  

condi t ioner  start t r a n s i e n t s  were a d e s i r a b l e  f ea tu re .  The power inc rease  i s  

achieved by the  inherent  sequencing c h a r a c t e r i s t i c s  of t he  gas genera tor  valves  

which provide a high flow rate when they are i n i t i a l l y  commanded open and flow i s  

subsequently t h r o t t l e d  t o  t h e  l e v e l  commanded by accumulator pressure .  For 

purposes of accumulator s i z i n g  an average power r a t i o  of 1.05 w a s  used t o  def ine  

equiva len t  condi t ioner  start t i m e .  Analysis r e s u l t s  s imulat ing accumulator pres-  

su re  decay f o r  a range of accumulator volumes are shown in  Figure D-79. 

volume/pressure decay da ta  presented an equiva len t  condi t ioner  response t i m e  of 

0.5 sec w a s  der ived for accumulator s i z ing .  

From t h e  

Analysis  of t h e  condi t ioning assembly performance shows t h a t  recharge r e q u i r e  

approximately 10 seconds with no t h r u s t e r s  f i r i n g .  

D-6.6 Accumulator S i z i n g  - Accumulator s i z e  i s  s e l e c t e d  on a minimum weight 

b a s i s  wi th in  the  c o n s t r a i n t s  imposed by condi t ioner  assembly performance, relia- 

b i l i t y  cri teria,  and t h r u s t e r  design. Conditioner assembly performance def ines  an 

equiva len t  condi t ioner  l a g  t i m e ;  r e l i a b i l i t y  cri teria limits t h e  number of condi- 

t i on ing  cyc les  allowed pe r  mission; and t h r u s t e r  design (chamber pressure)  def ines  

t h e  minimum accumulator pressure .  

t h e  optimum accumulator s i z e  i s  a func t ion  of t h e  t o t a l  of a t t i t ude -con t ro l  impulse 

requirements and A P S  t o t a l  t h r u s t  c a p a b i l i t y .  The optimum weight accumulator 

design is the re fo re  a func t ion  of four  independent parameters; equiva len t  condi t ioner  

l a g  t i m e ,  a t t i t ude -con t ro l  impulse requirements,  number of condi t ioning cyc les ,  

and design chamber pressure .  

As previously noted wi th in  these  c o n s t r a i n t s ,  

For a given t h r u s t ,  t h e  volume of t h e  accumulator is  
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s ized  by t h e  condi t ioner  l a g  t i m e  and r a t i o  of t h e  switching pressure  t o  t h e  minimum 

accumulator pressure.  

The blowdown p res su re  r a t i o  ) is  determined by t h e  al lowable number of 

condi t ioning assembly cyc le s  and t h e  a t t i t u d e  c o n t r o l  impulse requirements.  The 

accumulator maximum pres su re  is  s e l e c t e d  such t h a t  t h e  d i f f e rence  i n  accumulator 

p rope l l an t  dens i ty ,  a t  maximum and switching pressures ,  mu l t ip l i ed  by t h e  accumu- 

l a t o r  volume, provides t h e  mass of p rope l l an t  requi red  t o  p e r f o m  a l l  a d d i t i o n a l  

maneuvers, divided by t h e  number of condi t ioner  cyc les .  

requi red  f o r  s t r u c t u r a l  i n t e g r i t y  increases wi th  maximum pressure ,  a minimum weight 

t radeoff  between increased volume and increased w a l l  th ickness  must be performed i n  
order  t o  select the  optimum accumulator s i z e .  

Since t h e  w a l l  th ickness  

Thus, f o r  a given l ag  t i m e ,  minimum pressure ,  and number of condi t ioner  cyc le s ,  

t h e r e  is a switching pressure  and maximum pressure  corresponding t o  each choice of 

accumulator volume, and f o r  each combination of accumulator volume and maximum 

pressure ,  a unique accumulator weight can be  assigned. 

D-6.7 Accumulator S iz ing  Analysis Resul t s  - The condi t ioner  assembly t r a n s i e n t  

ana lys i s  showed t h a t  t h e  hydrogen and oxygen equiva len t  l a g  t i m e s  a r e  both 0.50 
2 sec .  

minimum accumulator p re s su res  required are 1021 l b f / i n  a f o r  t h e  hydrogen and 

914 l b f / i n  a f o r  t h e  oxygen. 

w a s  s e l ec t ed  f o r  both hydrogen and oxygen. 

apprec iab le  magnitude are spec i f i ed  i n  t h e  cu r ren t  seventeenth-orbit-rendezvous, 

mission dlxty cyc le ,  and t h e  condi t ioner  assembly opera tes  continuously during each 

of t hese  maneuvers thus ,  n ine  condi t ioner  cyc les  are inhe ren t ly  requi red  f o r  t h e  

condi t ioner .  

maneuvering impulse. 

maximum-to-switching p res su re  r a t i o  f o r  var ious  va lues  of switching-to-minimum pres-  

s u r e  r a t i o  and number of condi t ioning c y c l e s ,  us ing  t h e  0.5 second lag  time and 

500 l b f / i n  a chamber pressure .  

s u r e  r a t i o  of 1.13 i n  conjunct ion wi th  a maximum-to-switching pressure  r a t i o  of 

2.00 f o r  both p rope l l an t s  y i e l d s  t h e  minimum subsystem weight. 

r a t i o s  correspond t o  switching and maximum pressures  of 1153 l b f f i n  a and 2307 l b f /  

To provide a 500 l b f / i n  a chamber p re s su re  f o r  minimum t o t a l  APS weight ,  the 
2 

2 A condi t ioner  assembly cycle  l i m i t  of 50 per  mission 

Nine 4-X t r a n s l a t i o n  maneuvers of 

The 4 1  cyc le s  remaining are f o r  t h e  a t t i t u d e  c o n t r o l  and o t h e r  a x i s  

Figure 1)-80 shows t h e  APS weight as a func t ion  of t h e  

2 This  f i g u r e  shows t h a t  a switching-to-minimum pres-  

These p re s su re  
2 

i n  2 a re spec t ive ly  f o r  t h e  hydrogen assembly and 1037 l b f / i n  2 a and 2074 l b f / i n  2 a 

re spec t ive ly  f o r  the oxygen assembly. 

weights are 29) f t  

The corresponding accumulator volumes and 
3 3 and 678 l b  f o r  hydrogen and 11.6 f t  and 320 l b  f o r  oxygen. 
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The APS uses gaseous hydrogen oxygen t h r u s t e r s  t o  provide t h e  impulse necessary 

f o r  space s h u t t l e  v e h i c l e  a t t i t u d e  c o n t r o l  and o r b i t a l  maneuvers. 

i s  very s e n s i t i v e  t o  t h e  performance of t h e s e  t h r u s t e r s  due t o  t h e  magnitude of 

the APS t o t a l  impulse requirements f o r  a l l  o r b i t a l  maneuvers. 

weight subsystem, a d e t a i l e d  eva lua t ion  of t h r u s t e r  design and performance w a s  

conducted. 

The A P S  weight 

To ensure a minimum 

During Subtask A a f i l m  cooled t h r u s t e r  design (Figure D-81) w a s  s e l e c t e d  f o r  

t h e  r e l a t i v e  eva lua t ion  of t h e  A P S  concepts f o r  t he  t h r e e  impulse levels considered. 

The dump/film cooled t h r u s t e r  represented a wel l -character ized design concept,  

w i t h  d a t a  a v a i l a b l e  f o r  a wide range of design condi t ions.  This approach represented 

a compromise between t h r u s t e r  performance, design s i m p l i c i t y ,  and c o s t .  

In  o rde r  t o  v e r i f y  t h a t  t h e  re la t ive weight comparison of t h e  Subtask A concepts 

w a s  not  a f f e c t e d  by t h e  type of  chamber cool ing ( t h r u s t e r  performance) assumed, 

t h e  s u p e r c r i t i c a l  and t h e  turbopump concepts of Subtask A were reevaluated f o r  

r egene ra t ive ly  cooled t h r u s t e r s  (Figure D-82). The Performance l e v e l  used f o r  t h e  

r egene ra t ive ly  cooled concepts represented maximum performance without cycle  l i f e  

considerat ions.  The turbopump A P S ,  with r egene ra t ive  cooled t h r u s t e r s ,  w a s  

optimized f o r  mixture r a t i o  and chamber p re s su re  f o r  t h e  t h r e e  impulse c l a s s e s  

considered. The r e s u l t i n g  A P S  weights are shown i n  Figures D-83, D-84, and D-85. 

Optimum subsystem weight r e s u l t i n g  from incorpora t ing  t h e  r egene ra t ive  cooled 

t h r u s t e r  i n  t h e  s u p e r c r i t i c a l  subsystem is  shown i n  Figure D-86. 

The r e s u l t s  of using t h e  h ighe r  performance t h r u s t e r  i s  presented i n  Figure 

D-87, and shows t h a t  t h e  weight advantage of t h e  turbopump over the  s u p e r c r i t i c a l  

concept is  amplif ied over  t h e  subtask A r e s u l t s .  I n  those r e s u l t s ,  t h e  turbopump 

APS w a s  t h e  l i g h t e s t  configurat ion and t h e  s u p e r c r i t i c a l  APS t h e  n e a r e s t  competitor.  

Subsystem s e l e c t i o n  i s  no t  a f f e c t e d  by s e l e c t i o n  of t h e  h ighe r  performance regen- 

erative cooled t h r u s t e r ,  bu t  abso lu t e  weight is s t r o n g l y  a f f ec t ed .  Therefore i n  

Subtask B ,  i t  w a s  necessary t o  r eeva lua te  t h r u s t e r  design and cooling methods t o  

provide an optimum design, thus minimizing A P S  weight. This eva lua t ion  is  presented 

i n  t h e  following s e c t i o n ,  which d i scusses  i n j e c t o r  and combustion chamber concepts 

considered, as w e l l  as b a s e l i n e  design and performance. 
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D-7.1 Thruster  Concept Se lec t ion  - The primary components of t h e  APS 

t h r u s t e r s  are t h e  p r o p e l l a n t  i n j e c t o r ,  combustion chamber, i g n i t e r ,  and p r o p e l l a n t  

con t ro l s .  Several  design concepts were evaluated f o r  each component. I n j e c t o r  

and combustion chamber a l t e r n a t i v e s  evaluated are shown i n  Figure D-88. I n  t h e  

s e l e c t i o n  of each component, considerat ion was given t o  t h e  use of common components 

f o r  a t t i t u d e  c o n t r o l  and f X  maneuver t h r u s t e r s .  

S e l e c t i o n  of combustion chamber type  and resultant coolant  requirements is 

important,  due t o  its in f luence  on de l ive red  impulse. Figure D-89 compares t h e  

performance of t h r e e  b a s i c  chamber cool ing concepts f o r  a range of mixture r a t i o s  

f o r  a t h r u s t e r  design r e p r e s e n t a t i v e  of t h e  A P S  a t t i t u d e  c o n t r o l  t h r u s t e r .  

performance of t h e  dump/film cooled t h r u s t e r  cha rac t e r i zed  i n  Subtask A i s  shown 

by t h e  lower curve. 

presented t o  show t h e  maximum performance c a p a b i l i t y  of a t h r u s t e r  without consider- 

a t i o n  of cooling requirements f o r  cycle  l i f e  o r  a d a p t a b i l i t y  of t h e  nozzle  t o  

s c a r f i n g .  
chamber and nozzle  f i l m  cooling i s  t h e  concept capable of meeting cyc le  

l i f e  requirements and allows nozzle  s c a r f i n g  f o r  a t t i t u d e  c o n t r o l  i n s t a l l a t i o n s  

wh i l e  providing high performance. I n  add i t ion ,  t h e  t h r u s t e r  can b e  adapted f o r  

t h e  major +X maneuvers without major redesign of t h e  a c t i v e l y  cooled po r t ion  of t h e  

t h r u s t e r .  The performance of t h e  high p res su re  A P S  t h r u s t e r s  f o r  a t t i t u d e  c o n t r o l  

and +X t r a n s l a t i o n  i s  shown i n  Figure D-90 f o r  t h e  f i n a l  design p o i n t  condi t ions.  

The 

Performance f o r  a f u l l y  r egene ra t ive ly  cooled t h r u s t e r  i s  

The performance of a p a r t i a l  r egene ra t ive ly  cooled chamber wi th  

For t h e  Subtask B b a s e l i n e  design, t h e  regeneratively/partially f i l m  cooled 

design w a s  s e l ec t ed .  Th i s  design provides a compromise between s p e c i f i c  impulse 

performance and high cycle  l i f e  c a p a b i l i t y .  

D-7.2 Design - This t h r u s t e r ,  shown i n  Figure D-91 u t i l i z e s  an impinging 

coax ia l  i n j e c t o r ,  a r egene ra t ive / f i lm  cooled chamber wi th  nozzle  f i l m  cool ing,  

e lectr ical  i g n i t e r ,  and p a r a l l e l  l i nked  poppet p rope l l an t  valves w i t h  pneumatic 

ac tua t ion .  The p r o p e l l a n t  valves are packaged a t  t h e  s i d e  of t h e  t h r u s t  chamber 

t o  minimize o v e r a l l  t h r u s t e r  l eng th ,  t o  sho r t en  l i n e  connection between hydrogen 

valve and chamber i n l e t ,  and t o  provide ease of i n s t a l l a t i o n  and maintenance. 

The i g n i t e r  i s  an electrical  spark type,  and is  sequenced t o  discharging h o t  gas 

down t h e  c e n t e r  of t h e  i n j e c t o r  along t h e  t h r u s t e r  a x i s .  A s e p a r a t e  i g n i t e r  

solenoid b i p r o p e l l a n t  valve provides t h e  proper sequence f o r  chamber i g n i t i o n .  

The e lec t r ica l  c i r c u i t  i s  redundant t o  i n c r e a s e  i g n i t i o n  r e l i a b i l i t y .  
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I n j e c t o r  - Tk.e i n j e c t o r  concept s e l e c t e d  f o r  the  high p res su re  APS t h r u s t e r  i s  

an impinging coax ia l  design. This is  a v a r i a t i o n  of t h e  more conventional coax ia l  

element wherein the  f u e l  is  i n j e c t e d  p a r a l l e d  t o  and concen t r i c  w i th  t h e  a x i a l l y  

d i r e c t e d  o x i d i z e r  stream. 

normal t o  t h e  oxygen. 

face p l a t e  assembly containing i n t e r n a l  f u e l  passages. 

discharge i n t o  h o l e s  which go through t h e  f a c e  p l a t e  p a r a l l e l  t o  t h e  chamber ax i s .  

The f u e l  channels feed i n t o  a l a b y r i n t h  of passages i n  t h e  f a c e  p l a t e  which provide 

r egene ra t ive  and t r a n s p i r a t i o n  cooling of  the f a c e  as w e l l  as f u e l  e n t r y  i n t o  each 

element normal t o  t h e  o x i d i z e r  stream. 

s e v e r a l  concepts were considered. These inc lude  coax ia l  element, impinging coax ia l  

element, impinging o r i f i c e ,  vane, and hyperthin.  

The impinging coax ia l  element i n j e c t s  t h e  hydrogen 

The concept uses a concentr ic  r i n g  manifold a t t ached  t o  a 

The o x i d i z e r  channels 

In  a r r i v i n g  a t  t h e  coax ia l  type element, 

The coax ia l  element design combined with a t r a n s p i r a t i o n  cooled f a c e  p l a t e  

r ep resen t s  a "classical" i n j e c t o r  design f o r  hydrogen-oxygen p rope l l an t s .  This 

concept and t h e  s e l e c t e d  impinging coax ia l  element concept previously discussed 

are t h e  two recommended approaches being evaluated by ALRC on Contract NAS 3-14354,  

"Hydrogen-Oxygen A P S  Engines", f o r  NASA-Lewis Research Center. The conclusions 

reached from t h i s  i n j e c t o r  eva lua t ion  f avor  t h e  impinging coax ia l  design. 

Combustion Chamber - The combustion chamber c o n s i s t s  of a r egene ra t ive ly  

cooled s e c t i o n ,  extending from t h e  i n j e c t o r  through a convergent/divergent nozzle.  

The r egene ra t ive ly  cooled chamber terminates  a t  an E: = 11.1. The subsequent 

po r t ion  of t h e  nozzle  i s  considered as a s e p a r a t e  component, due t o  i t s  s i g n i f i c a n t l y  

d i f f e r e n t  thermal and p res su re  environment. 

The r egene ra t ive  cooled chamber s e l e c t e d  f o r  t h e  high p res su re  AJ?S t h r u s t e r  

employs r ec t angu la r  channel geometry and a high conduct ivi ty  copper a l l o y .  

design is  a s i n g l e  pass  concept w i th  hydrogen e n t e r i n g  t h e  chamber a t  an area r a t i o  

of 11:l and flowing forward through 77 channels toward t h e  i n j e c t o r .  The flow 

passages discharge i n t o  a manifold which i n  t u r n  feeds t h e  i n j e c t o r .  

a l s o  s u p p l i e s  hydrogen t o  a f u e l  f i l m  coolant  r i n g  which d i s t r i b u t e s  a small per- 

centage of f u e l  down along t h e  chamber w a l l .  

Be-Mg-Cr-Cu a l l o y  forging.  

The 

This manifold 

The chamber is  f a b r i c a t e d  from a 

To achieve an optimum design, several h e a t  t r a n s f e r  programs were used. One 

program defined gas s i d e  f i l m  cond i t ions ,  and, i n  combination wi th  another  program, 

def ined thermal condi t ions w i t h i n  t h e  channels. Various percentages of f i l m  
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cooling were s e l e c t e d ,  along with v a r i a t i o n s  i n  channel s i z e .  

p l o t t i n g ,  a family of curves w a s  generated def ining the characteristics of t h e  

chamber f o r  a s p e c i f i c  set  of condi t ions,  such as p rope l l an t  temperature,  chamber 

pressure,  and t h r u s t .  Based on s p e c i f i e d  t h r u s t e r  design condi t ions,  a s p e c i f i c  

design w a s  achieved which e x h i b i t s  t h e  c h a r a c t e r i s t i c s  noted i n  Figure D-92. 

This  h e a t  t r a n s f e r  a n a l y s i s  then allowed p r e d i c t i o n  of t h r u s t e r  cycle l i f e .  

r e s u l t s  are shown i n  Figure D-93. 

c a l c u l a t i n g  t h e  t o t a l  s t r a i n  range (Act) 

By means of c ros s  

The 

The information on this curve is obtained by 

A E  = 2aAt 
t 

a = c o e f f i c i e n t  of  thermal expansion 

A t  = temperature g rad ien t  ac ross  w a l l  obtained from Figure D-94.a 

and e n t e r i n g  t h i s  va lue  i n  Figure D-94.b along wi th  appropr i a t e  w a l l  temperature 

from Figure D-95. 

A s  noted i n  Figure D-93 f o r  a hydrogen design flow temperature of 250"R, 

approximately 7 percent  f u e l  f i lm  coolant  flow is  needed t o  ensure the  d e s i r e d  

cycle  l i f e  of 10 . 5 

Nozzle Extension - The high p res su re  A P S  t h r u s t e r  has a nozzle  extension 

This a t t ached  t o  t h e  r egene ra t ive ly  cooled chamber a t  an area r a t i o  of 11:l. 

attachment po in t  w a s  based on a balance between p res su re  drop, w a l l  temperature,  

percentage of f u e l  f i l m  cooling, weight,  and f a b r i c a t i o n .  Resul t ing w a l l  tempera- 

t u r e  i s  shown i n  Figure D-96, and allows use of a high temperature a l l o y  as opposed 

t o  a r e f r a c t o r y  metal. Hastel loy X is  t h e  material s e l e c t e d ;  i t  w i l l  extend from 

t h e  attachment p o i n t  t o  t h e  e x i t  diameters of 12.9 i n  and 18.2 i n  f o r  area r a t i o s  

of 60 and 120 r e spec t ive ly .  

i ng  4 t o  5 percent  f u e l  flow, depending on t h e  area r a t i o  a t  t h e  p o i n t  of a t tach-  

ment, t o  t h e  r egene ra t ive  cooled po r t ion .  

Cooling of  t h e  extension w i l l  be  achieved by introduc- 

The f i l m  cooled nozzle  extension must be  capable of extended mul t i cyc le  

ope ra t ion  a t  high temperatures i n  the exhaust environment. This l eads  t o  consider- 

a t i o n  of high temperature a l l o y s  and r e f r a c t o r y  metals. Two high temperature 

a l l o y s  were examined, Hastel loy X and Haynes Alloy No. 188. Hastel loy X i s  a 

n i c k e l  base a l l o y  which possesses  except ional  s t r e n g t h  and ox ida t ion  r e s i s t a n c e .  

The a l l o y  has  e x c e l l e n t  forming c h a r a c t e r i s t i c s ,  and can be  r e a d i l y  welded t o  

i t s e l f  and t o  s t a i n l e s s  steel. 

be  a problem, s i n c e  t h e  e m b r i t t l i n g  e f f e c t s  of hydrogen are most pronounced using 

Hydrogen compa t ib i l i t y  w i th  Hastel loy X w i l l  n o t  
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high pressure ,  high p u r i t y  hydrogen a t  room temperature. 

be exposed only t o  low pressure  hydrogen h ighly  contaminated wi th  water and a t  

an e leva ted  temperature. 

i t  i s  used i n  j e t  engine a f t e rbu rne r  components, t u rb ine  blades,  and nozz le  

vanes. Recent NASA tests on t h e  r e s i s t a n c e  of n i c k e l  base  materials under c y c l i c  

ox ida t ion  and thermal f a t i g u e  condi t ions showed Has te l loy  X was among t h e  most 

crack r e s i s t a n t  of t h e  a l l o y s  t e s t ed .  

The Hastel loy X would 

The oxida t ion  resistance of Hastel loy X is  e x c e l l e n t ;  

Haynes Alloy No, 188, a cobalt-base material provides s t r e n g t h  super ior  t o  

Has te l loy  X a t  temperatures above 1800 F, bu t  can be  worked and welded s i m i l a r  t o  

Hastel loy X. 

The compa t ib i l i t y  of Haynes 188 wi th  oxidizing gases  is comparable t o  Has te l loy  X. 

Data on t h e  compat ib i l i ty  of t h e  Haynes 188 cobalt-base a l l o y  i n  hydrogen environ- 

ments is not  a v a i l a b l e  but  i s  est imated t o  be  similar t o  t h e  Hastel loy X. The 

f a t i g u e  c h a r a c t e r i s t i c s  of t h i s  a l l o y  are similar t o  Hastel loy X. 

s e l e c t e d  because of s l i g h t l y  b e t t e r  f a b r i c a b i l i t y  and lower cos t .  

The Haynes 188 a l l o y  i s  h igher  i n  c o s t ,  however, than Hastel loy X. 

Hastel loy X w a s  

Columbium, molybdenum, and tantalum a l l o y s  were a l s o  considered f o r  nozzle  

extensions.  

are not  s u f f i c i e n t l y  developed t o  provide t h e  design cyc le  l i f e .  

These r e f r a c t o r y  metals have severe oxida t ion  l i m i t a t i o n s  and coa t ings  

I g n i t e r  Descr ip t ion  - The i g n i t e r  f o r  t h e  APS t h r u s t e r  u t i l i z e s  the spark d i s -  

charge technique. 

t he  ox id ize r  flow stream. 

immediately downstream of t h e  spark-excited oxygen causes i g n i t i o n  wi th in  t h e  

i g n i t e r  chamber. 

The e l e c t r i c a l  i g n i t i o n  i s  a t t a i n e d  by a spark discharge a c r o s s  

The add i t ion  and mixing of a small quan t i ty  of f u e l  

F igure  D-97 d e p i c t s  t h i s  b a s i c  design. 

The i g n i t e r  assembly c o n s i s t s  of a high response b ip rope l l an t  valve, a valve 

mounting adapter ,  an i g n i t e r  body, an  i g n i t e r  combustion chamber, a spark  plug,  and 

an i g n i t e r  coolant  j acke t .  

The chamber of t h e  p i l o t  i g n i t e r  i s  made from Hastel loy X. The body i s  made 

from a magnetic s t a i n l e s s  steel t o  provide sh i e ld ing  of t h e  electromagnet ic  rad ia-  

t i o n  from t h e  spark  discharge.  The spark i g n i t e r  i s  a commercially a v a i l a b l e  u n i t  

as i s  t h e  spark i g n i t e r  power supply. 

The sequenced e l e c t r i c a l  i g n i t e r  provides a p o s i t i v e  and f a s t  i g n i t i o n  of p r i -  

mary i n j e c t o r  propel lan t .  

pu ls ing  and shows t h e  t y p i c a l  t r a n s i e n t  c h a r a c t e r i s t i c s  f o r  1500 l b  t h r u s t  APS 

engine f i r i n g  a sequence of 0.100 sec dura t ion  pulses  wi th  0.150 sec  aff. The 

i n i t i a l  valve s i g n a l  opens t h e  t h r u s t  chamber valve a c t u a t i o n  p i l o t  valve, the 

Figure D-98 p resen t s  experimental  d a t a  during t h r u s t e r  
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i g n i t e r  va lves ,  and t h e  spark cu r ren t  f o r  t h e  e l e c t r i c a l  sequencer. 

t o rch  i s  es t ab l i shed  i n  0.025 sec as shown by t h e  r i s i n g  i g n i t e r  i n j e c t o r  p re s su re  

levels. 

are f u l l y  open 0.010 sec later.  

f u l l  t h r u s t  is achieved 0.045 sec  a f t e r  i n i t i a l  va lve  s igna l .  

f o r  shutdown. 

The i g n i t e r  

The primary engine t h r u s t  chamber va lves  begin t o  open i n  0.035 sec and 

The t h r u s t  trace p a r a l l e l s  va lve  opening rate and 

The cyc le  is  reversed 

Valve Descr ipt ion - The p rope l l an t  c o n t r o l  valve f o r  t he  APS t h r u s t e r  i s  a 

l inked  p a r a l l e l  poppet type wi th  pneumatic ac tua t ion .  

Figure D-99. 

NAS 3-14354 and has  demonstrated repea tab le  t r a v e l  times of  0.010 sec, 

type  valve provides t h e  response c a p a b i l i t y  requi red  f o r  pu lse  mode opera t ion .  

poppet type valve a l s o  seals with a minimum of s e a l i n g  su r face  wiping o r  Surface 

The valve is shown i n  

This  conf igura t ion  has  been t e s t e d  under NASA-Lewis con t r ac t  Number 

This 

The 

shear  which i s  d e s i r a b l e  from a cyc le  l i f e  s tandpoin t .  

The poppet seat material i s  KEL-F which e x h i b i t s  exce l l en t  compat ib i l i ty  with 

t h e  propel lan ts .  

seat su r face  area and by balancing t h e  a c t u a t o r  sp r ing  force .  

a c t u a t o r  i s  coupled t o  both of t he  poppet s h a f t s  wi th  a common l i n k .  

response p i l o t  valve sequences regula ted  l i n e  hydrogen pressure  i n t o  t h e  pneumatic 

a c t u a t o r  t o  open t h e  valve. The ac tua to r  cav i ty  i s  vented when the  p i l o t  valve i s  

sequenced closed and t h e  ac tua to r  spr ing  c loses  the  valve.  Venting is accomplished 

i n t e r n a l l y  through t h e  t h r u s t e r  assembly. 

Reasonable seal stress levels are achieved by c o n t r o l  of t h e  

The s i n g l e  pneumatic 

The f a s t  

The i g n i t e r  assembly uses separate p rope l l an t  con t ro l  valves  t o  sequence t h e  

i g n i t e r  during t h e  engine s ta r t  t r a n s i e n t .  

t o  t h e  i n i t i a l  primary p rope l l an t  flow through t h e  i n j e c t o r  t o  a s su re  smooth i g n i t i o n  

t r a n s i e n t s .  

a f a s t  response so lenoid  t o  provide i g n i t e r  t o rch  i g n i t i o n  and opera t ion  wi th in  

0.035 sec after i n i t i a l  electrical signal to  t h e  engine. 

provide t h e  co r rec t  p rope l l an t  en t ry  i n t o  t h e  i g n i t e r  t o rch  chamber. 

The i g n i t e r  t o rch  is es t ab l i shed  p r i o r  

The valving f o r  t h e  i g n i t e r  is a l i nked  b ip rope l l an t  valve ac tua ted  by 

The l inked  va lves  

D-7.3 Thruster  Performance - Delivered s p e c i f i c  impulse f o r  t h e  high pressure  

t h r u s t e r  w a s  ca l cu la t ed  us ing  t h e  JANNAF "Simplified Method" s tandardized 
performance eva lua t ion  technique. 

l o s s e s  which make up t h e  d i f f e r e n c e  between de l ivered  and t h e o r e t i c a l  vacuum speci-  

f i c  impulse w a s  ca l cu la t ed  f o r  t h e  s p e c i f i c  opera t ing  poin t .  

def ined and are a r e s u l t  of: 

boundary l a y e r  hea t  t r a n s f e r  and shear  drag ,  non-axially d i r e c t e d  exit momentum, 

With t h i s  procedure each of t h e  performance 

These l o s s e s  are 

k i n e t i c  l i m i t e d  r eac t ions ,  incomplete energy release, 

D-145 

MEDONNELL DOUGLAS ASTRONAUTJCS COMPANY - EAST 



HIGH PRESSURE APS 
SUBTASK B 

REPORT MDC €0298 
12 FEBRUARY 1971 

I 

0 

2 4 

W > 
A e w 

U 
A 
A 
W 
L 
0 

k 

a 
5 
m 

a z 
W 

v, 
W a e 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST 



HIGH PRESSURE APS 
SUBTASK B 

REPORT MDC E0298 
12 FEBRUARY 1971 

mixture r a t i o  ma ld i s t r ibu t ion ,  p rope l l an t  impurity,  and supplemental cool ing flow. 

The l o s s e s  due t o  boundary l a y e r  hea t  t r a n s f e r  and non-axially d i r e c t e d  e x i t  momen- 

tum w e r e  computed v i a  s tandardized l o s s  cha r t s .  

computed using the  One-Dimensional Kinetics Program. 

based on cu r ren t  gas/gas  A P S  t h r u s t e r  technology da ta  received from c u r r e n t  t e s t i n g  

under NASA-Lewis Research Center Contract NAS 3-14354. 

c a l c u l a t i o n  procedure , t h e  t h r u s t e r  performance w a s  ca l cu la t ed  f o r  each opera t ing  

poin t  commensurate wi th  the  p rope l l an t  i n l e t  en tha lp i e s ,  t h r u s t e r  s i z e ,  chamber 

pressure ,  and mixture r a t i o .  

Kine t ics  and impuri ty  l o s s e s  were 
Energy release l o s s e s  w e r e  

With t h i s  performance 

Two of t h e  JANNAF performance l o s s e s  are based on test  da t a .  These l o s s e s  

are the  r e s u l t  of incomplete energy release and supplemental fiZm coolant  flow. 

I n  order  t o  determine these  losses, computation techniques have been developed 

which have subsequently been v e r i f i e d  by t e s t  da t a .  

99 percent  energy release e f f i c i ency .  

Figures D-100 and D-101 where the  energy r e l e a s e  e f f i c i e n c y  of f i v e  i n j e c t o r  

concepts are shown f o r  two c l a s s e s  of i n j e c t o r .  The impinging coaxia l  i n j e c t o r  

wi th  t h e  "I" t r i p l e t  p a t t e r n ,  Figure D-100, employs momentum exchange mixing t o  

ob ta in  a 99 percent  energy release i n  a 5.5 i n  length  chamber. 

Energy r e l e a s e  l o s s e s  have been i d e n t i f i e d  at 1 percent  commensurate with a 

J u s t i f i c a t i o n  of t h i s  s e l e c t i o n  i s  shown i n  

Figure D-101 developes a 99 percent  energy release e f f i c i e n c y  i n  an 8-inch 

chamber as a r e s u l t  of t u rbu len t  shear  mixing between t h e  gaseous ox id ize r  and 

f u e l .  E i t h e r  of t hese  two concepts have demonstrated t h e  required 99 percent  

energy release e f f i c i e n c y  which w a s  t h e  value used t o  c a l c u l a t e  t h e  t h r u s t e r  

performance. 

The o t h e r  l o s s  r e s u l t s  from employment of supplemental f u e l  f i l m  cooling. A 

thermal exchange model has been developed which eva lua tes  t h e  cool ing performance 

l o s s  wi th  a two stream tube mixture r a t i o  ma ld i s t r ibu t ion  l o s s  model. The coolant  

stream c o n s i s t s  of heated hydrogen at a predic ted  m e a n  bulk temperature which 

e x t r a c t s  enthalpy from t h e  core stream assumed no t  t o  mix wi th  t h e  eQo3,qnt and a t  
an increased uniform mixture r a t i o .  

t h e  reduced enthalpy core  denotes t h e  s h i f t i n g  equi l ibr ium performance l o s s  due 

t o  cooling. An a d d i t i o n a l  l o s s  r e s u l t s  due t o  increased  k i n e t i c s  l o s s e s  s ince  

t h e  core  mixture  r a t i o  is  s h i f t e d  h igher  due t o  t h e  removal of hydrogen flow. 

This k i n e t i c s  l o s s  is  charged t o  cool ing i n  t h e  performance l o s s  summary. J u s t i -  

f i c a t i o n  of t h i s  loss computation method is shown i n  Figure D-102. 

A m a s s  summation of t h e  coolant  impulse and 

There t h e  
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---- 
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s o l i d  l i n e s  reflect p r e d i c t i o n s  w i t h  t h e  thermal exchange model, and t h e  b l ack  

d o t s  and connecting dashed t r ends  denote test d a t a  c o r r e l a t i o n .  

coolant  flow, t h e  model appears conservat ive i n d i c a t i n g  s l i g h t l y  h ighe r  l o s s e s  

than t h e  test data .  

results. 

l o s s e s ,  t h e  de l ive red  performance w a s  c a l c u l a t e d  f o r  supplemental cool ing percentages 

shown t o  be r equ i r ed  from h e a t  t r a n s f e r  a n a l y s i s .  

Performance Summary - A summary of t h r u s t e r  performance is  presented i n  

Below 10 Percent  

From 10 t o  30 percent  coolant  flow, a b e t t e r  c o r r e l a t i o n  

With t h i s  d a t a  c o r r e l a t i o n  as j u s t i f i c a t i o n  of t h e  expected cool ing 

Figure D-103 f o r  t h e  t h r u s t e r  design condi t ions.  

down of s p e c i f i c  impulse l o s s e s  and t h e  r e s u l t a n t  de l ive red  s p e c i f i c  impulse. 

This f i g u r e  provides a break- 

D-7.4 Thrus t e r  Weight - The t h r u s t e r  weight i s  shown i n  Figure D-104 as a 

The a t t i t u d e  c o n t r o l  and fX funct ion of chamber p re s su re  and expansion r a t i o .  
t h r u s t e r  design p o i n t s  and weights are shown f o r  t h e  o r b i t e r s .  
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DESIGN P O I N T  
THRUST, ZBF 1850 

MIXTURE RATIO 4.0 

CHAMBER pmssum, LBF/I$A 500 

AREA RATIO 60 

PROPEUANT TEXP, OR 

H!lDROGEN 

380 

7.6 

N O Z U E  COOLING, % ( E >U:l) 5 04 

P E R F O W C E  

T H X R E T I C A L  Is VACUUM, LBF-SEC/LBM 472 5 

COOLING LOSS, LBF-SEC/LBM 7.9 

m m m  LOSS, LBF-SEC/LBM 1.0 

CURVATURE-DIVEEGENCE LOSS, LBF-SEC/LBM 3.9 

K I N E T I C S  LOSS, LBF-SEC/LBM 2.7 

ENERGY RELEASE LOSS, LBF-SEC/LBM 4.6 

BOUNDARY LAYER ZIOSS, LBF-SEC/LBM 5.9 

DELIVERED VACUUM S P E C I F I C  IMPULSE, LBF SEC/LBM 446.5 

1850 
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500 

120 

245 
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5; 4 
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Two b a s i c  funct ions are provided by t h e  A P S ;  t hese  are 3 axis 

The b a s e l i n e  A P S  uses gaseous c o n t r o l  and t r a n s l a t i o n  c a p a b i l i t y .  

gaseous 0 

f o r  a t t i t u d e  c o n t r o l  and f o r  Y and Z t r a n s l a t i o n  maneuvers perform 

t h r u s t e r s  of  t h e  same design t o  perform a l l  funct ions.  2 

a t  t i  tude 

H2/ 
The t h r u s t e r s  

a l a r g e  number 

of s m a l l  impulse bums whi l e  t h e  t h r u s t e r s  f o r  t he  +X t r a n s l a t i o n  maneuvers are 

required t o  perform a r e l a t i v e l y  small number of l a r g e  s teady s ta te  burns. 
t o t a l  APS impulse requirement approximately 90 percent  i s  expended f o r  +X t r a n s l a t i o n  

maneuvers. Thus i t  w a s  p o t e n t i a l l y  advantageous t o  use t h r u s t e r s  i n d i v i d u a l l y  

designed t o  provide maximum s p e c i f i c  impulse f o r  t h e  +X t r a n s l a t i o n  funct ions.  

O f  t h e  

I n t e g r a t i o n  of h ighe r  performance +X t r a n s l a t i o n  t h r u s t e r s  with t h e  APS 

w a s  i n v e s t i g a t e d  t o  eva lua te  t h e  e f f e c t  on o v e r a l l  subsystem weight. 

S p e c i f i c a l l y ,  S X  t h r u s t e r s  of progressively g r e a t e r  design dev ia t ion  from 

t h e  a t t i t u d e  c o n t r o l  t h r u s t e r s ,  as follows, were evaluated:  

(1) t h r u s t e r s  using gaseous oxygen and hydrogen wi th  increased nozzle  
expansion r a t i o  

t h r u s t e r s  with increased expansion r a t i o  designed t o  ope ra t e  wi th  

l i q u i d  hydrogen and gaseous oxygen 

t h r u s t e r s  with increased expansion r a t i o  designed t o  ope ra t e  with 

l i q u i d  hydrogen and l i q u i d  oxygen. 

( 2 )  

(3) 

The above op t ions  r ep resen t  a continuous improvement i n  s p e c i f i c  impulse a t  

the  expense of increased development e f f o r t .  I n  comparing these  opt ions,  

s tudy  schedule and budget considerat ions precluded a d e t a i l e d  opt imizat ion of 

each and i t  w a s  t h e r e f o r e  necessary t o  e s t a b l i s h  t h e  ground r u l e  t h a t  the 

APS turbopump assemblies would remain f i x e d  f o r  each t h r u s t e r  concept. This 

r e s u l t e d  i n  common mixture r a t i o s  and chamber p re s su res  t h a t  were n o t  

n e c e s s a r i l y  optimum f o r  t he  d i f f e r e n t  t h r u s t e r  design, however, p o i n t  comparisons 

were made t o  assess the  e f f e c t  of  t hese  on s tudy r e s u l t s .  

I n  a d d i t i o n  t h i s  s tudy w a s  conducted around t h e  design condi t ion f o r  a 
2 

preliminary b a s e l i n e  A P S  design. 

and hydrogen condi t ioning temperatures of lOO'R f o r  t he  r egene ra t ive ly  cooled 

A P S  t h r u s t e r s  and 200'R f o r  t h e  f i l m  cooled t h r u s t e r s  w e r e  used. The f i n a l  A P S  

design r e s u l t e d  i n  a chamber p re s su re  of 500 l b f / i n  a and a hydrogen condi t ioning 

temperature of 200'R w a s  s e l e c t e d  f o r  both t h r u s t e r  cool ing approaches. 

Consequently a chamber p re s su re  of 300 I b f / i n  a 

2 
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Figure D-105 summarizes those design conditions, used in the study which princi- 
pally affect +X translation thruster performance. 

The results of this study show the weight comparisons to be extremely depen- 
dent on fX thruster performance, start-chilldown losses, and on the design point 
selected for the gas/gas thrusters in terms of the conditioning temperatures 
of the propellants. 
considering subsystem design point optimization and minimization of start losses 
would be required before the lowest weight subsystem could be identified. 
ever, this study does indicate that the incorporation of separately optimized 
+X translation thrusters would result in a weight savings but the amount of 
savings is highly dependent on the conditioning temperature of the hydrogen in 
the gas/gas design and on the type of gaslgas engine used, i.e., regenerative or 
film cooled. 

Maneuvering Subsys tem/APS comparison, but rather as an evaluation of performance 
improvement modifications to an existing gas/gas APS. 

A more in-depth +X translation subsystem analysis also 

How- 

These results must be interpreted, not in the context of an Orbit 

D-8.1 +X Translation Thrusters Options - Both film cooled and regeneratively 
cooled gas/gas thrusters were evaluated to assess the advantage of the +X trans- 
lation engine alternates relative to an all maneuver APS using either film cooled 
or regeneratively cooled thruster concepts. 
alternates considered and shows the three concepts which were evaluated. 
were : 

Figure D-106 presents the matrix of 
These 

(1) GH /GO 
cooled attitude control thrusters 
Regeneratively cooled LH2/L02 +X translation thrusters with either film 
cooled or regeneratively cooled attitude control thrusters 
Regeneratively cooled LH,/G02 +X translation thrusters with either film 
cooled or regeneratively cooled attitude control thrusters. 

+X translation thrusters with either film cooled or regenerative 2 2  

(2) 

(3) 

Concept A is the baseline A P S  using gas/gas thrusters for both attitude control 

and +X translation. 

while concept C uses the liquid H /gaseous 0 

Concept B uses the liquid HZ/liquid O2 thrusters, 

for +X translation. 2 2 
For the LH /LO2 thrusters, bypass flow is reduced to that required to provide 2 

power for the pumps and to condition the propellants which feed the gas generators. 
This weight advantage is partially negated by the amount of chill down propel- 
lant lost each time the thruster is started. This propellant loss occurs 
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f o r  two reasons : 

(1) The feed assembly must be cooled before  t h e  t h r u s t e r  can be s t a r t e d  

t o  preclude two phase hydrogen and oxygen being de l ive red  t o  t h e  

t h r u s t e r  
Any l i q u i d  hydrogen o r  oxygen l e f t  i n  t h e  l i n e s  a t  the  end of a burn 

would eventua l ly  vaporize,  and the re fo re  would no t  be usable  i n  t h e  

LH2/L02 t h r u s t e r .  

between t h e  base l ine  GH /GO 2 2  2 2  
f o r  t he  t h r u s t e r s  is conditioned. 

requi red  t o  provide power f o r  the  pumps and t o  condi t ion the  flow t o  the  gas 

generators  i n  add i t ion  t o  condi t ioning the  oxygen f o r  t he  +X t r a n s l a t i o n  t h r u s t e r .  

Since gaseous oxygen is suppl ied t o  the  t h r u s t e r s ,  t he re  are no s t a r t  chilldown 

los ses  a s soc ia t ed  wi th  t h e  oxygen feed assembly. 

(2) 

The LH2/G0 +X t r a n s l a t i o n  t h r u s t e r s  have a bypass flow and s p e c i f i c  impulse 2 
subsystem and t h e  LH /LO subsystem as t h e  oxygen 

Therefore the  LH2/G02 t h r u s t e r  bypass flow i s  

P-8.2 Desifgn Poin t  Se lec t ion  - As previously discussed,  t h e  +X t r a n s l a t i o n  

t h r u s t e r  s p e c i f i c  impulse level has  a s i g n i f i c a n t  e f f e c t  on o v e r a l l  APS weight 

s i n c e  t h e  major i ty  of t h e  t o t a l  impulse requirement i s  expended i n  the  +X 
d i r e c t i o n .  

required t o  de f ine  t h e i r  e f f e c t .  

opera t ing  po in t  f o r  both A P S  and +X t r a n s l a t i o n  opera t ion  requi red  t h e  same flow 

rates and pressures  f o r  both A P S  and +X t h r u s t e r s .  The +X t r a n s l a t i o n  t h r u s t e r s  

assumed: 

(1) 

(2) 
(3) a mixture of 4 : l .  
An expansion r a t i o  of 120:l was used throughout t h i s  s tudy t o  provide f o r  

a comparison wi th  t h e  A P S  gas/gas t h r u s t e r s .  Figure D-107 p resen t s  t h e  e f f e c t  

of expansion r a t i o  (E) on o v e r a l l  subsystem weight f o r  t h e s e  types of t h r u s t e r  

assemblies.  

than 120:l .  

Several  f a c t o r s  a f f e c t  t h e  s p e c i f i c  impulse and i n v e s t i g a t i o n  w a s  

The assumption of a common turbopump assembly 

a t h r u s t  level of 1850 l b  

a chamber p re s su re  of 300 p s i a  

A s  shown no s i g n i f i c a n t  weight advantage is a v a i l a b l e  wi th  a g r e a t e r  

A s tudy  of weight s e n s i t i v i t y  t o  mixture r a t i o  and expansion r a t i o  is  

shown i n  Figure D-108 f o r  LH2/G02. 
The LH2/L02 +X t r a n s l a t i o n  subsystem weight i s  no t  a minimum a t  a mixture 

r a t i o  of 4: l ;  however, a mixture of 4 : l w a s  s e l e c t e d  t o  b e  cons i s t en t  w i th  

A P S  opera t iona l  requirements.  

Figure D-109 shows similar d a t a  f o r  LH /LO2. 
2 

The expansion r a t i o  w a s  set a t  120 t o  make it 
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equivalent to the GH /GO 2 2  
for subsystem comparison. 

thruster expansion ratio, thus providing a common basis 

Figure D-110 presents a summary of the design conditions used for the study. 
With the gas/gas option, 6 +X translation thrusters were used, 
options two gas/gas thrusters were used with four LH /LO 
ters. 
low +X maneuver impulse requirements. 

For the other 
or four LH2/G02 thrus- 2 2  

The two gas/gas thrusters are necessary in these options to satisfy very 

These arrangements satisfy the reliability requirements by providing +X maneu- 
ver capability after a double failure (2 thrusters inoperative) by using the two 
aft firing gas/gas thrusters to back up the primary +X translation thrusters 

Figure D-111 presents a summary of the nine +X translation maneuvers required 
for a seventeenth orbit rendezvous mission. 
additional small +X translation maneuvers such as those required during docking. 

The gas/gas thrusters satisfy any 

D-8.3 Maneuvering Velocity Allocation - Propellant start losses increase 
linearly with the number of times liquid/liquid or liquid/gas +X translation 
thrusters are used. Conversely average subsystem specific impulse increases as 
the higher performance +X thruster configurations are used for more maneuvers. 
These two opposing effects result in an optimum impulse allocation between liquid/ 
liquid (or liquid/gas) thrusters and the lower performance gas/gas thrusters. For 
each thruster option, subsystem weight was determined as a function of the number 
of +X translation maneuvers performed to establish minimum weight points. At this 
point, the weight of the APS incorporating the new design +X translation thrusters 
was compared to all GH /GO2 A P S  subsystems which utilized either film or regen- 
eratively cooled thrusters. 

2 

Film Cooled Gas/Gas A P S  Thrusters 
LH2/L02 +X Thrusters - Figures D-112 and D-113 present relative subsystem weights 

as a function of velocity allocation to illustrate the effect of +X translation 
thruster specific impulse and start chill-down losses. As shown, neither variations 
in the LH2/L02 specific impulse nor in the start losses have a significant effect 
on the optimum allocation. 
at four starts over the expected range of specific impulse and propellant losses. 
This weight advantage is a result of the higher relative performance available 
with the LH2/L02 thrusters. 
tude that the propellant savings associated with the use of the LH2/L02 thrusters 

more than offsets the start chill-down losses. 

LH2/L02 subsystem results in a maximum weight advantage 

The first four maneuvers are of such an impulse magni- 

Maneuvers five through nine are all 
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less than 50 f t / s e c  and f o r  these  maneuvers, t he  start  chill-down l o s s e s  are 

g r e a t e r  than t h e  p rope l l an t  savings.  

maniuvers f i v e  through nine.  

The two GH2/G02 t h r u s t e r s  would be used f o r  

LH2/G07 +X Thrusters  - Figure D-114 presen t s  relative subsystem weight as a 
func t ion  of +X t r a n s l a t i o n  t h r u s t e r  starts. 
v ides  a weight advantage over t h e  a l l  GH2/G02 A P S .  

t i a l l y  cons tan t  from f i v e  through n ine  starts. 

t h r u s t e r s  could be used f o r  a l l  n ine  maneuvers, al though two GH2/G02 t h r u s t e r s  

would s t i l l  be  required f o r  docking. 

As shown, t h e  LH2/G02 subsystem pro- 

The subsystem weight is  essen- 

Thus, t h e  LH2/G02 +X t r a n s l a t i o n  

Comparative Performance with F i l m  Cooled, Gas/Gas, APS - A summary of t h e  

e f f e c t  of start chill-down l o s s e s  on subsystem weight f o r  t h e  two above mentioned 

a l t e r n a t e s ,  compared t o  gas/gas  t r a n s l a t i o n  t h r u s t e r s ,  i s  presented i n  Figure D-115. 

As shown, both LH2/L02 and LH2/G02 o f f e r  s i g n i f i c a n t  weight advantages. 

t i o n  of start-chil l-down l o s s e s  can amplify t h i s  weight savings,  e s p e c i a l l y  f o r  

t h e  LH2/L02 +X t r a n s l a t i o n  t h r u s t e r s .  

Minimiza- 

Regeneratively Cooled, Gas/Gas APS 

LH2/L02 +X Thrusters  - Figure D-116 p resents  relative subsystem weight as 

a func t ion  of +X t r a n s l a t i o n  t h r u s t e r  starts. As with a f i l m  cooled A P S ,  four  

starts provides near  minimum weight,  al lowing t h e  remaining f i v e  maneuvers t o  

be performed by t h e  two GH2/G02 t h r u s t e r s .  

LH2/G02 +X Thrusters  - Figure D-117 p resents  re la t ive subsystem weight as 

a func t ion  of +X t r a n s l a t i o n  t h r u s t e r  starts. 
weight advantage and f o r  comparative purposes n ine  starts were s e l e c t e d  f o r  t h e  

LH /GO2 t h r u s t e r s .  

of  the  e f f e c t  of start chilldown l o s s e s  on subsystem weight f o r  t h e  two above 

mentioned a l t e r n a t e s  is presented i n  Figure D-118. For t h i s  case the re  i s  no 
advantage t o  t h e  improved +X t h r u s t e r  performance unless  s tar t -chi l l -down l o s s  

is  minimized. 

Here t h e  minimum is n o t  a pronounced 

2 
Comparative Performance f o r  Regenerative Cooled, Gas/Gas, A P S  - A summary 

Summarv Comparison of Al t e rna te s  - A summary weight comparison f o r  a l l  

a l t e r n a t e s  is presented i n  Figure D-119. 

and 15 I b / s t a r t s  were used f o r  oxygen and hydrogen r e spec t ive ly .  

p rope l l an t& losses due t o  l i n e  and pump chilldown and l i n e  p rope l l an t  vapor iza t ion .  

For these ,  s t a r t  l o s s e s  of 75 l b / s t a r t  

These inc lude  
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If regene ra t ive ly  cooled GH2/G02 t h r u s t e r s  are used,  t h e  maximum weight savings 

(200 l b s )  i s  obtained by u t i l i z i n g  LH2/L02 +X t r a n s l a t i o n  t h r u s t e r s  f o r  four  

starts. 

t h r u s t e r s  provide a weight savings of 900 l b s .  

APS b a s e l i n e  f o r  t h i s  s tudy provided a hydrogen condi t ion ing  temperature of 1OO"R 

m i n i m u m  a t  t h e  t h r u s t e r  i n l e t .  

of 200"R w a s  s e l e c t e d  f o r  t he  f i n a l  APS des ign  t o  provide t h e  c a p a b i l i t y  of using 

e i t h e r  f i l m  o r  regenera t ive  cool ing on t h e  APS t h r u s t e r s .  This change in -cond i -  

t i on ing ,  combined wi th  o the r  changes t o  t h e  f i n a l  base l ine  APS des ign ,  r e s u l t  i n  

a subsystem s p e c i f i c  impulse approximately equal  t o  t h a t  of t h e  f i lm  cooled A P S .  

I f  f i l m  cooled GH /GO2 t h r u s t e r s  are used, t h e  LH2/L02 +X t r a n s l a t i o n  2 
The r egene ra t ive  cooled gas/gas  

A minimum hydrogen p rope l l an t  i n l e t  temperature 

It would 

over  t he  

however, 

assembly 

be p o t e n t i a l l y  f e a s i b l e  t o  provide an advantage of approximately 900 l b s  

f i n a l  b a s e l i n e  by using LH2/L02 t h r u s t e r  f o r  +X t r a n s l a t i o n  maneuvers, 

t h i s  would r e q u i r e  t h e  development of a completely d i f f e r e n t  t h r u s t e r  

wi th  i t s  as soc ia t ed  development cos t .  
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To f u l l y  assess APS design adequacy, analyses  were conducted t o  eva lua te  

ope ra t ion  under condi t ions s imula t ing  mission usage, w i t h  nominal and off-nominal 

component/assembly performance and t r a n s i e n t  c h a r a c t e r i s  t i c s  of t h e  t h r u s t e r s  

when coupled t o  t h e  supply l ines.  
s t u d i e s  . 

This appendix desc r ibes  t h e  r e s u l t s  of both 
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The APS w a s  s i z e d  and designed on t h e  b a s i s  of  nominal, s teady state,  

component performance. I n  a c t u a l  operat ion,  h e a t  t r a n s f e r  i n t o  t h e  accumulators 

and supply l i n e s  w i l l  a l ter  ope ra t ing  p res su res  and temperatures wi th  r e s u l t a n t  

performance v a r i a t i o n s .  S imi l a r ly  o f f  -nominal performance of components and/or 

assemblies w i l l  r e s u l t  i n  performance changes; t he re fo re ,  i n  o rde r  t o  e s t a b l i s h  

A P S  design adequacy, i t  w a s  necessary t o  s imulate  APS operat ion during a mission. 

The approach taken f o r  t h i s  s tudy w a s  t o  f i r s t  s imu la t e  mission ope ra t ion  using 

nominal component performance t o  d e f i n e  t h e  e f f e c t s  on performance of h e a t  

t r a n s f e r  i n t o  t h e  subsystem and of  normal temperature changes due t o  accumulator 

blowdown and recharge.  

Off-nominal component/assembly ope ra t ion  w a s  t hen  p resc r ibed  and missions 

were simulated.  These r e s u l t s ,  when compared w i t h  nominal APS operat ion,  allowed 

a quan ta t ive  assessment of  t he  s i g n i f i c a n c e  of  component/assembly accuracy i n  

terms of  A P S  performance. 

developed which models t h e  t h r u s t e r s ,  supply l i n e s ,  accumulators, and cond i t ione r  

assembly, 

This e s t a b l i s h e d  nominal A P S  operat ing c h a r a c t e r i s t i c s .  

To accomplish these  analyses ,  a computer program w a s  

E-1.1 Computer Propram Descript ion - The ope ra t ing  performance program w a s  

designed t o  provide d a t a  on the  ope ra t ion  and performance of t h e  feed assembly 

of t h e  a u x i l i a r y  propuls ion subsystem f o r  t y p i c a l  mission duty cycles .  

program c a l c u l a t e s  t h r u s t ,  t o t a l  impulse, p re s su res ,  temperatures,  and flow rates 

r e l a t i n g  t o  ope ra t ion  of  t h e  accumulators, l i n e s ,  and t h r u s t e r s .  

models APS opera t ion  by assembling ope ra t ing  d a t a  f o r  an increment of t i m e ,  cal- 

c u l a t i n g  t h e  flow rates and h e a t  t r a n s f e r  based on the temperatures and p res su res  

from t h e  previous t i m e  increment, and c a l c u l a t i n g  the new temperatures and 

p res su res .  T ime  i s  then incremented, ope ra t ing  d a t a  assembled, and the  process  

is  repeated. 

The 

The program 

Certain ground r u l e s  w e r e  used i n  developing the component models and t h e  

A l l  c a l c u l a t i o n s  i n  t h e  program that involve p r o p e l l a n t  pro- o v e r a l l  program. 

p e r t i e s  use a real gas equat ion of state. The environmental temperature w a s  

he ld  constant ;  t h e  thermal conduct ivi ty  of t h e  i n s u l a t i o n  material was  constant  

w i th  temperature; the heat capac i ty  of  t he  accumulator and l i n e  w a l l s  was  n o t  

considered; the gas i n  the accumulators and l i n e s  was considered w e l l  mixed 

(no thermal s t r a t i f i c a t i o n  e f f e c t s ) ,  and a Nussel t  number of  f o u r  was  used f o r  

heat t r a n s f e r  c a l c u l a t i o n s .  
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The p r o p e l l a n t s  used i n  t h e  subsystem are s t o r e d  as low p res su re  l i q u i d s  and 

are increased i n  p re s su re  by a turbopump p r i o r  t o  de l ive ry  t o  t h e  h e a t  exchanger. 

The h e a t  exchanger thermally condi t ions t h e  p rope l l an t s  be fo re  they are used by 

the t h r u s t e r s .  

from t h e  combustion of a p o r t i o n  of t he  conditioned p rope l l an t s .  

exchanger used f o r  condi t ioning and t h e  turbopump used f o r  i nc reas ing  t h e  l i q u i d  

p re s su re  do n o t  have instantaneous response, bu t  r a t h e r  have t r a n s i e n t s  t h a t  are 

complex funct ions of t h e i r  d e t a i l e d  i n t e r n a l  geometry. I n  t h e  ope ra t ing  program 

the condi t ioner  assembly has  a t i m e  constant  of zero and i s  ac tua ted  when t h e  

accumulator decays t o  i t s  minimum pres su re .  

condi t ioner  assembly which has  a f i n i t e  t i m e  delay and i s  actuated when the  

accumulator decays t o  a switching p res su re  s l i g h t l y  above the  minimum. The 

p rope l l an t s  enter the  accumulator a t  t h e  design condi t ioning temperature and t h e  

design s t eady- s t a t e  flow rate  immediately a f t e r  cond i t ione r  ac tua t ion .  

The energy f o r  turbopump and h e a t  exchanger operat ion i s  provided 

The heat 

This is  equ iva len t  t o  an a c t u a l  

Approximations i n  the duty cycle  d e s c r i p t i o n  w e r e  required t o  l i m i t  calcu- 

l a t i o n  t i m e .  

p u l s e  mode p o r t i o n  of t h e  duty cycle  could b e  accu ra t e ly  approximated by using 

an equivalent  t h r u s t e r  flow concept; f o r  example, a one thousand pound t h r u s t  

t h r u s t e r  t h a t  ope ra t e s  i n  a pu l se  mode f o r  one t e n t h  of  a second and i s  i d l e  

f o r  n ine  t en ths  of  a second can be approximated by an "equivalent t h r u s t e r "  of 

one hundred pounds t h r u s t  t h a t  operates  continuously,  This allows t h e  sequence 

of events f o r  t h e  a t t i t u d e  c o n t r o l  p o r t i o n  of a mission t o  be inpu t  much more 

e a s i l y  and allows the computational t i m e  increments t o  b e  l a r g e r ,  making t h e  

program easier and more economical t o  use. 

conduction model t o  d e f i n e  l i n e  and accumulator gas heat ing.  

conducted t o  determine the v a l i d i t y  of t h e  h e a t  t r a n s f e r  a n a l y s i s  technique by 

comparing i t  t o  a more exact technique, 

study. 

conservat ive than the  t r a n s i e n t  c a l c u l a t i o n ,  and, thus,  shows a h ighe r  temperature 

rise rate. 

Ea r ly  i n  the  development of  t he  program, i t  w a s  shown that t h e  

The program uses an approximate 

A study w a s  

Figure E-1 shows t h e  r e s u l t  of t h e  

The heat t r a n s f e r  a n a l y s i s  u t i l i z e d  i n  t h e  o p e r a t i o n a l  program i s  more 

The program has t h e  c a p a b i l i t y  t o  eva lua te  two d i s t i n c t  ven t ing  modes. The 

f i r s t  i s  an automatic ven t ing  mode; t h i s  occurs when t h e  accumulator and l i n e  

p re s su res  raise t o  more than 105 percent  of t h e i r  maximum pressure.  The accumu- 

l a t o r  and l i n e s  are then vented t o  95 percent  of t h e i r  maximum pressure.  

second vent ing mode i s  a manual vent .  

The 

In t h i s  mode t h e  accumulators and l i n e s  blow 
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down t o  t h e i r  m i n i m u m  accumulator p re s su re  and are then r e f i l l e d  t o  t h e i r  

m a x i m u m  p r e s s u r e  with conditioned p rope l l an t s .  
avoid t h e  l a r g e  v a r i a t i o n  i n  t h r u s t e r  mixture r a t i o  which would r e s u l t  from 

using t h e  h ighe r  temperature p rope l l an t s  that  would e x i s t  a f t e r  a long nonuse 

period. 

The manual vent is used t o  

E-1.2 APS OperatinP Performance - The ope ra t iona l  program was u t i l i z e d  t o  

determine t h e  proper i n s u l a t i o n  thickness  f o r  t he  accumulators and l i n e s .  

Figure E-2 shows t h e  temperature rise rate f o r  both t h e  l i n e s  and accumulators. 

As shown, t h e  rate inc reases  slowly as t h e  i n s u l a t i o n  thickness  is  decreased. 

A t  some c r i t i ca l  value of i n s u l a t i o n  thickness  t h e  temperature rise rate r a p i d l y  

inc reases ;  thus f o r  optimum r e s u l t s ,  t h e  temperature rise rate w a s  kep t  j u s t  

below t h e  "knee" of the  curve. 

gas i n  the accumulators i s  q u i t e  small. 

chosen f o r  each accumulator which gives a temperature rise rate of 3'R/hour. 

It can b e  seen t h e  temperature rise rate f o r  t h e  

An i n s u l a t i o n  thickness  of  0.1 i n  w a s  

I n s u l a t i o n  thi&&ses w e r e  chosen f o r  t h e  two p r o p e l l a n t  l i n e s  t h a t  give a 

temperature rise rate of 20QR/hour f o r  an environmental temperature of 600°R, 

The b a s e l i n e  missions of Reference (a), t h e  3rd o r b i t  rendezvous and the  

1 7 t h  o r b i t  rendezvous mission duty system, were analyzed u t i l i z i n g  t h e  Operat ional  

program. 

subsystem performance t o  v a r i a t i o n s  i n  ope ra t iona l  c h a r a c t e r i s t i c s .  The 

parameters were hydrogen and oxygen condi t ioning temperature and hydrogen and 

oxygen r e g u l a t i o n  p res su re ,  To e s t a b l i s h  s e n s i t i v i t y ,  t he  parameters were 
increased t o  an a r b i t r a r y  5 pe rcen t  above t h e i r  normal va lue  on an i n d i v i d u a l  

b a s i s  and a mission w a s  simulated.  Figure E-3 shows t h e  band of  mixture r a t i o  

excursions f o r  t h e  3rd o r b i t  rendezvous f o r  nominal parameter values .  The 

maximum mixture r a t i o  v a r i a t i o n  from the nominal va lue  of 4.00 w a s  f. 0.50. 

Figures E - 4 ,  E-5, E-6 and E-7 show t h e  ope ra t iona l  c h a r a c t e r i s t i c s  with t h e  

parameters va r i ed .  

e f f e c t  on o p e r a t i o n a l  c h a r a c t e r i s t i c s  than does t h e  same change i n  the oxygen 

parameters. The most s i g n i f i c a n t  parameter w a s  t h e  hydrogen condi t ioning 

temperature; i nc reas ing  i t s  value d i d  n o t  change t h e  degree of  mixture r a t i o  

v a r i a t i o n  b u t  d id  s h i f t  t h e  scale of t h e  v a r i a t i o n  upward; i .e.,  the range was 

s t i l l  - + 0.50 b u t  t h e  mean f o r  t h e  mission w a s  4.10 i n s t e a d  of  4.00. 

w a s  t r u e  when t h e  oxygen condi t ioning temperature was r a i s e d ;  t h e  range w a s  

s t i l l t  0.5 b u t  t h e  mean w a s  3.90, 

similar e f f e c t  on o p e r a t i o n a l  c h a r a c t e r i s t i c s .  

Four parameters were v a r i e d  t o  determine t h e  s e n s i t i v i t y  of t h e  

A change i n  t h e  hydrogen parameters has a much l a r g e r  

The converse 

Changing t h e  r e g u l a t o r  p re s su re  had a 

The range of mixture  r a t i o  

E- 5 
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v a r i a t i o n  w a s  approximately 2 0.50 and the  mean w a s  4.00. 

t h e  accumulative mixture  r a t i o  and r e s u l t i n g  t o t a l  impulse of t h e  A P S  f o r  nominal 

and off-nominal operat ion.  

Figure E-8 summarizes 

The 3rd o r b i t  rendezvous mission has only two long per iods where t h e r e  is 

There i s  a per iod of  15 hours when t h e  o r b i t e r  i s  on s t a t i o n  and no a c t i v i t y .  

t h e r e  is  a coas t  pe r iod  of  c l o s e  t o  3 hours immediately after s e p a r a t i o n  wi th  

no APS a c t i v i t y .  

s u r e s  and temperatures increase due t o  environmental heating. 

vent ing w i l l  keep t h e  p re s su res  wi th in  accep tab le  l i m i t s ,  t h e  gas temperature 

i n  t h e  accumulator and l i nes  is  n o t  con t ro l l ed ,  

temperatures cause a mixture r a t i o  s h i f t  i n  t h e  t h r u s t e r s  and r equ i r e s  t h e  

t h r u s t e r s  t o  be  a b l e  t o  ope ra t e  s a t i s f a c t o r i l y  a t  a h ighe r  than nominal mixture 

r a t i o .  

accumulators and the  l i n e s  of t h e  w a r m  gases. Figure E-3, i n  conjunct ion w i t h  

Figure E-9,  shows t h e  e f f e c t  on mixture r a t i o  of t h e  manual vent  concept. As’ 

shown i n  Figure E-3, t h e  reduct ion i n  mixture r a t i o  is q u i t e  marked. Manual vent: 

was n o t  required during t h e  second period of i n a c t i v i t y  because t h e  v a r i a t i o n  i n  

mixture r a t i o  d i d  n o t  warrant t h e  vent ing with t h e  associated l o s s  of p r o p e l l a n t .  

During per iods of  no a c t i v i t y ,  t h e  accumulator and l i n e  pres-  

While automatic 

The higher  than nominal 

Manual ven t  reduces t h i s  mixture r a t i o  v a r i a t i o n  by purging t h e  

A similar analyses  was performed f o r  t h e  1 7 t h  o r b i t  rendezvous mission, 

(Figures E-10, E-11, E-12, E-13, and E-14) The same b a s i c  conclusions can be  

drawn about t h e  17th o r b i t  rendezvous mission as were drawn about t he  3rd o r b i t  

rendezvous mission; i n c r e a s i n g  t h e  parameters f o r  t h e  hydrogen increase o v e r a l l  

mixture r a t i o  while  i nc reas ing  t h e  oxygen parameters does t h e  reverse. 

The 17th o r b i t  rendezvous mission is  approximately t h r e e  times as long 

as t h e  3rd o r b i t  rendezvous mission. This mission contains  three periods of 

A P S  i n a c t i v i t y  of  l e n g t h  e i g h t ,  eleven, and f o r t y  hours. I f  manual v e n t  is  n o t  

u t i l i z e d  a f t e r  each of t he  long i n a c t i v e  pe r iods ,  t h e  mixture r a t i o s  of t h e  

t h r u s t e r s  would b e  4.76, 4.92, and 5.47. I f  manual vent was  u t i l i z e d ,  t h e  

mixture r a t i o s  are reduced t o  4.02, 3.90, and 4.19. Thus vent ing s i g n i f i c a n t l y  

reduces t h e  adverse e f f e c t s  a s s o c i a t e d  w i t h  a l a r g e  mixture r a t i o  v a r i a t i o n .  

Even though t h e  nonvented subsystem has much l a r g e r  mixture r a t i o  v a r i a t i o n s ,  

t h e  o v e r a l l  mission mixture r a t i o  i s  t h e  same f o r  t h e  vented and nonvented 

subsystems. 

subsystem with automatic vent  only. 
Figure E-15 shows the subsystem ope ra t ing  c h a r a c t e r i s t i c s  f o r  t h e  

A s tudy  w a s  conducted t o  determine t h e  e f f e c t s  of i n s u l a t i o n  degradation 

on subsystem ope ra t ing  c h a r a c t e r i s t i c s .  To accomplish th i s ,  the thermal 
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conduct iv i ty  of t he  i n s u l a t i o n  on the tanks and l i n e s  w a s  increased by a f a c t o r  

of two and a f a c t o r  of f i v e .  Figure E-16 shows t h e  mixture r a t i o  v a r i a t i o n  f o r  

t h e  above condi t ions compared t o  the  re ference  i n s u l a t i o n .  

heavy usage, t h e  mixture r a t i o  s h i f t  caused by i n s u l a t i o n  degradat ion was 
neg l ig ib l e ;  however, during per iods  of i n a c t i v i t y ,  such as t h e  per iod following 

sepa ra t ion ,  t h e  mixture r a t i o  v a r i a t i o n  doubled, bu t  i s  s t i l l  not  excessive.  

Figure E-17 p re sen t s  t he  Line temperatures versus  t i m e  corresponding t o  t h e  

mixture r a t i o  v a r i a t i o n  of t h e  preceeding f igu re .  

i n a c t i v i t y  t h e  v a r i a t i o n  i n  l i n e  temperature is q u i t e  s i g n i f i c a n t  and i s  t h e  

predominate cause of t h e  mixture r a t i o  changes. 

During per iods  of 

As  shown, during per iods  of 
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E-2. HIGH PRESSURE THRUSTER/FEED SUBASSEMBLY TRANSIENT 

To determine the transient characteristics of the feed subassembly and thruster 
pulse mode performance, a digitaJ computer program was developed to simulate the 
auxiliary propulsion subsystem thruster start and shutdown transients. 
models were developed for lines, valves, orifices, regulators, and thrusters. 
These components were integrated into a transient analysis computer program to 
model the feed subassembly downstream of accumulators, accurately simulating line 
lengths, diameters, and component locations. The study was confined to the feed 
subassembly and thrusters because the relatively large volume of the accumulators 
effectively decouples this portion of the subsystem from the conditioner assembly. 

Transient 

E-2.1 Computer Program Description - The thruster model is used to analyze 
the transient flow and combustion processes in the injector and thrust chamber. 
Combustion and performance parameters are calculated assuming an equilibrium com- 
bustion process. That is, it is a combustor model rather than a combustion model 
because it calculates performance using idealized combustion data and does not 
analyze actual combustion processes. 
the thruster are solved using the finite time increment Euler integration tech- 
nique. 
lines, valves, orifices, and regulator are solved simultaneously using Hammings 
predictor-corrector integration technique. Program output includes a time his- 
'tory of temperature, pressure, and weight flow at any desired location. 
tion, performance parameters such as specific impulse, total impulse, mixture 
ratio, and thruster chamber temperature are calculated. 

The set of differential equations describing 

The set of differential equations describing the mass and momentum in the 

In addi- 

E.-2.2 Results - A n  evaluation was conducted to determine the sensitivity 
of thruster performance to feed line diameter. 
in minimum impulse bit with feed line diameter. 
simulated the Orbiter B line layout. 
bit is a linear function of the line diameter in the range of a 20 percent 

Figure E-18 shows the variation 
The feed line network used 

The figure shows that the minimum impulse 

variation. 
Figure E-?9 shows a typical profile of the chamber, fuel injector, and 

oxidizer injector pressure. 
a 20 ms delay, a 10 ms time to full open, 20 ms full open time, and 10 ms time 
to full closed. The fuel valve led the oxidizer valve by 2 ms. The chamber 
pressure rose slowly from the time the valves started to open until ignition 

The valve signature utilized for this study had 
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occurred a t  25 ms;  t h e  chamber p re s su re  then rose  r a p i d l y  as t h e  valves opened 

more f u l l y ,  and then dropped sha rp ly  as t h e  valves began t o  c lose.  

t h e  valves were f u l l y  c losed and the p res su res  decayed i n  100 m s .  
pres su res  c l o s e l y  followed t h e  chamber p re s su re  trace. 

A t  60 m s  

Both i n j e c t o r  

A second a n a l y s i s  w a s  conducted t o  determine t r a n s i e n t  t h r u s t e r  performance 

as a func t ion  of the full-open t i m e  of t h e  valves. For t h i s  a n a l y s i s  t h e  t h r u s t e r  

w a s  connected t o  s h o r t  large-diameter f u e l  and o x i d i z e r  l i n e s  t o  eliminate 

l i n e  s i z e  effects. Figure E-20 shows t h e  impulse b i t  s i z e s  obtained and Figure 

E-21 shows the i n t e g r a t e d  vacuum s p e c i f i c  impulse of t h e  t h r u s t e r  as a func t ion  

of fully-open valve t i m e  f o r  a f i r s t  pulse .  

Figure E-22 shows t h e  response c h a r a c t e r i s t i c s  f o r  a t h r u s t e r  whose 

valves are open f o r  90 m s .  The c h a r a c t e r i s t i c s  o f  such a r e l a t i v e l y  long p u l s e  

are a func t ion  n o t  only of t h e  t h r u s t e r  geometry b u t  a l s o  of the feed assembly. 

The feed assembly dynamic c h a r a c t e r i s t i c s  are r e f l e c t e d  i n  t h e  c y c l i c  o s c i l l a t i o n  

of t h e  o x i d i z e r  and f u e l  i n j e c t o r  p re s su res  which were induced by t h e  f u e l  and 

o x i d i z e r  valves opening. 

v a r i a t i o n  i n  impulse from t h e  expected value.  

The r e s u l t  is  a decrease i n  chamber p re s su re  and a 

The l i n e  su rge  p res su re  experienced when the  p r o p e l l a n t  valve is  closed 

i s  a complex func t ion  of l i n e  diameter,  t h e  length of t i m e  the valve w a s  open, 

and the c l o s i n g  t i m e  of t h e  valve; however, t h e  maximum su rge  p res su re  was less 
than 40 percent  of the  r egu la t ion  p res su re  and thus w a s  n o t  considered a problem. 
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APPENDIX F 

SUBSYSTEM WEIGHTS AND SENSITIVITIES 

One of t h e  major considerat ions involved i n  design evaluat ion of t h e  APS is  

t o t a l  subsystem weight. 

t h e  f i n a l  b a s e l i n e  design r equ i r ed  an accu ra t e  and c o n s i s t e n t  means of weight 

evaluat ion.  

means of  generat ing APS weights f o r  d i f f e r e n t  design condi t ions s o  t h a t  a minimum 

subsystem weight could be obtained. 

and cons i s t en t  subsystem weights f o r  many d i f f e r e n t  design p o i n t s ,  an automated 

means o f  weight eva lua t ion  w a s  required.  

s i z i n g  computer program w a s  developed. This program allows d e f i n i t i o n  of subsystem 

weight and performance f o r  any set of s p e c i f i e d  design condi t ions and serves as a 

compact l i b r a r y  of  r e p r e s e n t a t i v e  component weights,  volumes, and performance f o r  

a high chamber p re s su re  turbopump A P S .  

Comparison of va r ious  subsystem concepts and s e l e c t i o n  of 

Optimization of s e l e c t e d  A P S  concepts r equ i r ed  a r a p i d  and accu ra t e  

In o r d e r  t o  gene ra t e  accu ra t e ,  r e p r e s e n t a t i v e ,  

To f u l f i l l  t h i s  need an A P S  design and 

Using t h i s  computer program, t o t a l  subsystem weights were generated f o r  com- 

pa r i son  of subsystem concepts considered. After  concept s e l e c t i o n ,  t h e  subsystem 

design p o i n t  w a s  optimized by use  of l i n e a r  weight s e n s i t i v i t i e s .  

t i v i t i e s  show t h e  e f f e c t  on t o t a l  subsystem weight of varying s i n g l e  design 

v a r i a b l e s  from t h e i r  b a s e l i n e  values .  

These sens i -  

APS weight s e n s i t i v i t i e s  t o  design v a r i a b l e s  f o r  t h e  f i n a l  Subtask B b a s e l i n e  

APS are shown i n  Figures  F-1 t o  F-3 f o r l o r b i t e r  B ,  O r b i t e r  C ,  and t h e  Booster,  

r e spec t ive ly .  The b a s i s  f o r  design p o i n t  s e l e c t i o n s  and t h e  reasons f o r  t h e  

s e n s i t i v i t y  e f f e c t s  are discussed i n  t h e  following paragraphs. 
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The s e n s i t i v i t y  t o  t h r u s t e r  mixture r a t i o  i s  p r imar i ly  a r e s u l t  of t h r u s t e r  

performance v a r i a t i o n .  
of approximately 3.5 t o  1, and, a t  t h i s  mixture r a t i o ,  p rope l l an t  weight i s  a 

minimum. The s l i g h t  s h i f t  of t h e  minimum weight t o  a higher  mixture r a t i o  i s  

due t o  the  h ighe r  s to rage  e f f i c i e n c y  of t h e  l i q u i d  oxygen when compared t o  l i q u i d  

hydrogen, i .e. ,  lower hardware weight. 

Thruster  s p e c i f i c  impulse i s  maximum a t  a mixture r a t i o  
’ 

S e n s i t i v i t y  t o  t h r u s t e r  expansion r a t i o  i s  a r e s u l t  of a t r adeof f  between 

t h r u s t e r  weight and performance. 

t h e  t h r u s t e r s  i nc rease ,  bu t  t h e  t h r u s t e r  performance improves, r e s u l t i n g  i n  a 

decreased p rope l l an t  weight. 

t r a n s l a t i o n  t h r u s t e r  expansion r a t i o s  are shown independently f o r  t h e  o r b i t e r s .  

The t o t a l  impulse a l l o c a t i o n  between t h e  two is  approximately 90 percent  f o r  +X 

t r a n s l a t i o n  maneuvers. Only 6 o r b i t e r  t h r u s t e r s  are used f o r  +X t r a n s l a t i o n  and 

t h e  remainder are used f o r  a t t i t u d e  con t ro l .  These e f f e c t s  r e s u l t  i n  a d i f f e r e n t  

optimum f o r  t h e  two t h r u s t e r  types. With t h e  a t t i t u d e  c o n t r o l  t h r u s t e r s ,  an 

inc rease  i n  expansion r a t i o  r e s u l t s  i n  only a s m a l l  p r o p e l l a n t  weight r educ t ion  

because of t h e  s m a l l  impulse; conversely s i n c e  t h e r e  are a l a r g e  number of a t t i t u d e  

c o n t r o l  t h r u s t e r s  an i n c r e a s e  i n  expansion r a t i o  r e s u l t s  in a g r e a t e r  weight 

increase.  The n e t  e f f e c t  is ,  as shown, almost no n e t  weight change over a l a r g e  

expansion r a t i o  change. The s e l e c t e d  v a l u e  of 6 0 : l w a s  based on t h e  f a c t  t h a t ,  a t  

t h i s  r a t i o ,  no i n s t a l l a t i o n  problems were foreseen and weight w a s  low. 

e f f e c t  i s  shown f o r  t h e  +X t r a n s l a t i o n  t h r u s t e r s .  

involved and s m a l l  t h r u s t e r  performance improvements r e s u l t  i n  l a r g e  p rope l l an t  

weight reductions.  Since only a small number of t h r u s t e r s  are involved, t h e  hard- 

ware weight penal ty  f o r  i nc reas ing  expansion r a t i o  is minimal. The r e s u l t s  of t h e s e  

two e f f e c t s  are t h a t  high expansion r a t i o s  are a t t ract ive f o r  t h e  +X t r a n s l a t i o n  

t h r u s t e r s .  A v a l u e  of 12O:l w a s  s e l e c t e d  f o r  t hese ,  as i t  provided near  minimum 

weight and accep tab le  volumes. 

For an increased expansion r a t i o ,  t h e  weight of 

The e f f e c t  of changing a t t i t u d e  c o n t r o l  and +X 

A d i f f e r e n t  

Here a l a r g e  t o t a l  impulse is  

The s e n s i t i v i t y  t o  chamber p re s su re  i s  a r e s u l t  of a t radeoff  between condi- 

t i o n e r  assembly bypass flow and hardware weight. 

decreases  w i t h  inc reas ing  chamber p r e s s u r e ,  due t o  real gas e f f e c t s  which cause 

s l i g h t  decrease i n  t h e  enthalpy change r equ i r ed  f o r  conditioning. This is  i l l u s -  

t r a t e d  i n  t h e  pressure-enthalpy diagram of Figure F - 4 ,  which shows t h a t  as t h e  

Conditioner assembly bypass f low 

F-5 

MCmONNELl DOUGLAS ASTRONAUTICS COMPANY - EAST 



HlGH PRESSURE APS 
SUITASK B 

REPORT MDC E0298 
12 FEBRUARY 1971 

FIGURE F-4 

F-6 

MCDONNELL DOUGLAS A07UONAUT'tCS COMPANY .I PAST 



HlCH PRESSURE APS 
SUBTASK B 

REPORT MDC E0298 
12 FEBRUARY 1971 

subsystem p res su re  inc reases  t h e  enthalpy required f o r  o v e r a l l  p r o p e l l a n t  condition- 

ing decreases.  
2 (1) 

Two l i m i t a t i o n s  have been placed upon t h e  condi t ioner:  

t h e  h e a t  exchanger h o t  s i d e  p re s su re  i s  l i m i t e d  t o  a minimum of 30 l b f / i n  a 

t o  allow t e s t i n g  a t  sea level 
t h e  tu rb fne  p res su re  r a t i o  i s  l i m i t e d  t o  25:l as a p r a c t i c a l  l i m i t  on 

s p e c i f i c  power e 

(2) 

A s  t h e  chamber p re s su re  is  increased t o  t h e  po in t  where e i t h e r  of t h e  above Limita- 

t i o n s  i s  reached, t h e  bypass flow w i l l  s t a r t  t o  i n c r e a s e  t o  balance t h e  increased 

pump head requirements.  

exchanger and t h e  o v e r a l l  condi t ioner  mixture r a t i o  goes down wi th  a r e s u l t a n t  

decrease i n  condi t ioner  performance. Hardware weight decreases  as chamber p re s su re  
inc reases  due t o  component s i z e  r educ t ions ,  u n t i l  i n c r e a s e s  i n  pump weights ,  due t o  

head requirements,  become excessive.  Thus p rope l l an t  weight and hardware weight 

t radeoff  r e s u l t  i n  a minimum t o t a l  subsystem weight a t  a chamber p re s su re  of about 

500 l b f / i n  a. 

This flow i n c r e a s e  allows less oxygen a d d i t i o n  i n  t h e  h e a t  

2 

The s e n s i t i v i t y  t o  p rope l l an t  s t o r a g e  tank p res su re  is  a r e s u l t  of a t radeoff  

between turbopump and s t o r a g e / p r e s s u r i z a t i o n  assembly weight.  A s  t h e  tank p res su re  

i n c r e a s e s ,  t h e  amount of p re s su ran t  required inc reases ,  and when minimum p r o p e l l a n t  

tank w a l l  t h i ckness  i s  exceeded, p rope l l an t  tank weight i nc reases .  

turbopump weight decreases  w i t h  increased tank p res su re  due t o  t h e  i n c r e a s e  i n  pump 

n e t  p o s i t i v e  s u c t i o n  head. Combining t h e s e  two e f f e c t s  r e s u l t s  i n  a minimum weight 

subsystem a t  tank pressures  of approximately 25 l b f / i n  a f o r  t h e  hydrogen tank 

and 30 l b f / i n  a f o r  t h e  oxygen tank. 

Conversely t h e  

2 

2 

The s e n s i t i v i t y  shown f o r  t h e  p rope l l an t  temperature is a c t u a l l y  

a s e n s i t i v i t y  t o  t h e  minimum prope l l an t  temperature allowed a t  t h e  t h r u s t e r  i n l e t .  

The continuous i n c r e a s e  i n  weight with increased p r o p e l l a n t  temperature is  a r e s u l t  

of t h e  i n c r e a s e  i n  condi t ioning enthalpy requirements and t h e  corresponding i n c r e a s e  

i n  p rope l l an t  weight f o r  increased bypass flow. The p r o p e l l a n t  temperatures w e r e  

l i m i t e d  t o  a minimum of 200'R and 350'R f o r  t h e  hydrogen and t h e  oxygen r e s p e c t i v e l y  

t o  allow t h e  u s e  of e i t h e r  r egene ra t ive  o r  f i l m  cool ing f o r  t h e  t h r u s t e r  assemblies.  

The s e n s i t i v i t y  t o  feed l i n e  p re s su re  drop i s  a r e s u l t  of a decrease i n  l i n e  

s i z e  as t h e  allowed p res su re  drop increases .  Eventual ly ,  t h e  a d d i t i o n a l  pump head 

incurred by increased l i n e  p re s su re  drop w i l l  raise t h e  turbopump weight and t h e  

cond i t ione r  bypass flow. Although a minimum does exis t ,  t h e  o v e r a l l  e f f e c t  upon 

t o t a l  weight i s  s m a l l  compared t o  t h e  e f f e c t  of o t h e r  des ign  v a r i a b l e s .  The 40 
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2 l b f / i n  a l i n e  p res su re  drop w a s  s e l e c t e d  because i t  r e s u l t e d  i n  near  minimum weight 

while  keeping t h e  p r o p e l l a n t  l i n e  v e l o c i t y  r e l a t i v e l y  low. 

The s e n s i t i v i t y  shown for condi t ioning assembly response t i m e  is  a r e s u l t  of 

t h e  i n c r e a s e  i n  accumulator volume, and thus accumulator weight,  necessary f o r  A P S  

opera t ion  during condi t ioner  s ta r t  up. 

mined f o r  t h e  s e l e c t e d  p rope l l an t  condi t ioning assembly, as discussed i n  Appendix D-6. 
The response t i m e  of 0.5 seconds w a s  de t e r -  

The s e n s i t i v i t y  t o  accumulator p re s su re  r a t i o  is  p r imar i ly  a r e s u l t  of t h e  

An inc rease  i n  t h e  switching t o  minimum p r e s s u r e  change i n  accumulator weight. 

r a t i o  (Psw/Pmin) r e s u l t s  i n  a decreased accumulator volume since more mass is  

obtained during t h e  l a r g e  p re s su re  blowdown. 

ing p res su re  r a t i o  (P /P ) produces an increased maximum accumulator p re s su re  

r e s u l t i n g  i n  an i nc reased  accumulator weight. 

based on t h e  accumulator analyses  presented i n  Appendix D-6. The p res su re  r a t i o s  
s e l e c t e d  r e s u l t  i n  t h e  minimum t o t a l  subsystem weight f o r  t h e  requirement of  less 

than 50 cond i t ione r  assembly cycles  p e r  mission. 

An i n c r e a s e  i n  t h e  maximum t o  switch- 

max s w  
The design po in t  shown w a s  s e l e c t e d  
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F-2. SENSITIVITY TO SUBSYSTEM REQUIREMENTS 

I n  add i t ion  t o  t h e  APS weight s e n s i t i v i t y  t o  t h e  var ious design v a r i a b l e s ,  

t h e  s e n s i t i v i t y  t o  t h e  subsystem requirements were evaluated. These s e n s i t i v i t i e s  

f o r  O r b i t e r  B y  O r b i t e r  C and t h e  Booster are presented i n  Figures F-5 t o  F-7. 

An explanat ion of t h e  subsystem s e n s i t i v i t y  t o  each of t h e  design requirements i s  

given below. 

The s e n s i t i v i t y  t o  t h r u s t / t h r u s t e r  is  a r e s u l t  of a combination of t h e  inc rease  

i n  t h r u s t e r  weight as t h r u s t  level increases and t h e  decrease i n  p r o p e l l a n t  weight 

due t o  an improvement i n  t h r u s t e r  s p e c i f i c  impulse, 

f o r  a cons t an t  t o t a l  t h r u s t  level f o r  t h e  APS (i.e.,  f i xed  cond i t ione r  capac i ty ) .  

The s e n s i t i v i t y  t o  subsystem t o t a l  t h r u s t  is  a r e s u l t  of an increase i n  hard- 

ware weight ( i .e. ,  accumulators, feed l i n e s ,  valves, cond i t ione r  assembly) f o r  an 

inc rease  i n  t o t a l  t h r u s t  c a p a b i l i t i e s ,  

level p e r  t h r u s t e r .  

This s e n s i t i v i t y  was generated 

This  s e n s i t i v i t y  uses  a constant  t h r u s t  

The s e n s i t i v i t y  t o  t o t a l  impulse is  a resul t  of an i nc rease  in p r o p e l l a n t ,  

s t o r a g e  tank, and p r e s s u r i z a t i o n  system weights f o r  an inc rease  i n  t o t a l  impulse 

requirements. 

The s e n s i t i v i t y  t o  t h e  number of t h r u s t e r s  is simply a r e s u l t  of t h e  change i n  

the t o t a l  number of t h r u s t e r s  on t h e  veh ic l e .  

F-3 Sumnary of Resu l t s  - Afte r  t h e  design requirements were e s t a b l i s h e d  f o r  

t h e  s e l e c t e d  subsystem concept,  a component weight breakdown summary w$s def ined 

f o r  r e fe rence  during t h e  component eva lua t ion  phase. 

downs f o r  t h e  d i f f e r e n t  v e h i c l e s  are presented i n  Figures  F-8 t o  F-10. 

t o  t h e  weight o f  each component, t h e  design requirements of  each component are 

shown i n  Figures  F-11 t o  F-13 f o r  t h e  s e l e c t e d  subsystem designs.  

The component weight break- 

I n  a d d i t i o n  
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APPENDIX G 
TECHNOLOGY CRITXQUE 

Space shuttle control requirements and A P S  installation considerations dictate 
APS thrust levels of approximately 1850 lb per thruster. This thrust level, 

combined with space shuttle reuse requirements of 100 missions without major refur- 
bishment are far beyond the requirements of any current auxiliary propulsion sub- 
system, and no components for an APS with these requirements are in existence. 

APS design resulting from the NASA conceptual subsystem definition studies is con- 
sidered to be capable of satisfying all requirements; however, to make the APS design 
as realistic as possible it must be based on a balance between A F S  performance and 
component technology extensions. 

any technology developments that are considered to be unrealistic nor I s  based 
completely on available component technology. 
vances in areas where they appear reasonable and the performance gains resulting 
from the advances warrant the extension. 
specific areas of technology concerns that exist with the High Pressure A P S  compo- 
nent and assembly designs. 

The 

This results in a design that neither requires 

The deslgn requires technology ad- 

The following paragraphs discuss the 

G-1 
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G-1. PROPELLANT STORAGE ASSEMBLY TECHNOLOGY 

The p rope l l an t  s torage  assembly i s  made up of an aluminum pressure  ves se l  

wi th  high performance i n s u l a t i o n ,  an a c t i v e  vent/thermal b a r r i e r  and an ou te r  

p r o t e c t i v e  s h e l l ;  a p rope l l an t  pos i t i on ing  subassembly; and a p re s su r i za t ion  

subassembly. 
compromise between o v e r a l l  APS performance and technology concern. 

t h e r e  are: 

subassembly, and the  cool ing approach wi th  i t s  assoc ia ted  cont ro ls .  

During A P S  s t u d i e s ,  t h i s  tank design was es t ab l i shed  as t h e  b e s t  

S p e c i f i c a l l y ,  
vent ing of t h e  ou te r  tank j a c k e t ,  design of t h e  p rope l l an t  pos i t i on ing  

The concern with j a c k e t  vent ing is  pr imar i ly  t h a t  a small p re s su re  g rad ien t ,  

developed between t h e  inner  and ou te r  s h e l l s  during vent ing,  could cause crushing 

and thereby s i g n i f i c a n t l y  a l ter  t h e  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  mul t i l aye r  

i n s u l a t i o n .  

ou te r  s h e l l  during boost and en t ry  t o  prevent  co l l apse  pressure  loads  on t h e  
f i b e r g l a s s  ou ter  s h e l l .  

condensation of a i r  o r  water vapor wi th in  t h e  mul t i l aye r  i n s u l a t i o n  seve r ly  de- 

grades i n s u l a t i o n  performance. Without t h e  s h e l l ,  t h e  condensation would most: 

c e r t a i n l y  occur during e n t r y  as ambient a i r  was  admitted t o  t h e  v e h i c l e  and came i n  

contac t  wi th  t h e  cold in su la t ion .  The alternative t o  a f i b e r g l a s s  ahel l  i s  to pro- 

v i d e  t h e  tank with a vacuum j a c k e t  capable  of withstanding co l l apse  p re s su re  loads .  

With t h i s  approach t h e  weight p e n a l t i e s  are high. 

t h a t  mu l t l l aye r  i n s u l a t i o n  o f  t h i s  type  w i l l  f r e e l y  vent  without s i g n i f i c a n t  pres- 

s u r e  g rad ien t s  when no p r o t e c t i v e  covering i s  used; however, da t a  are not  a v a i l a b l e  

t o  show t h a t  repeated p res su r i za t ion  and ven t  cyc le s  w i l l  not  al ter t h e  hea t  t r ans -  

f e r  c h a r a c t e r i s t i c s  of high performance i n s u l a t i o n  o r  t o  show t h a t  vent ing  can be 

r e a d i l y  accomplished when a p r o t e c t i v e  covering is used. 

The tank i n s u l a t i o n  subassembly des ign  r equ i r e s  p r e s s u r i z a t i o n  of t h e  

This  ou te r  s h e l l  is  provided because i t  i s  known t h a t  

Data are a v a i l a b l e  which i n d i c a t e  

The p r i n c i p a l  concern wi th  t h e  des ign  of t h e  p rope l l an t  s to rage  assembly i s  

Data are a v a i l a b l e  which c l e a r l y  demonstrate 

~ 

t h e  p rope l l an t  pos i t i on ing  device.  

t h e  v a l i d l t y  of t h e  su r face  tens ion  approach f o r  p rope l l an t  acqu i s i t i on .  

t ens ion  screens f a b r i c a t e d  t o  d a t e  have, however, been l imi t ed  t o  approximately 

1 f t  i n  diameter.  

u r a t i o n  shovld be l imi t ed  t o  tank diameters  of 5 f t  o r  less. 
requirements d i c t a t e  a hydrogen tank s i z e  equiva len t  t o  a sphere 1 5  f t  i n  diameter.  

Use of mul t ip l e  tankage does not  reduce t h i s  requirement appreciably.  A second and 

s i g n i f i c a n t  requirement f o r  t he  s u r f a c e  tens ion  screen design i s  t h a t  i t  must be 

Surface 

Basic f a b r i c a t i o n  l i m i t a t i o n s  i n d i c a t e  t h e  acreen l i n e r  config- 

The APS capac i ty  
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designed f o r  cryogenic l i q u i d ;  t h e  design used must p r o h i b i t  vapor iza t ion  wi th in  

t h e  contained p rope l l an t  as t h i s  could r e s u l t  not  only i n  a l o s s  of p re s su ran t ,  if 

t h e  screen  l iqu id lvapor  i n t e r f a c e  were broken down, but  a l s o  vapor inges t ion  by t h e  

oxygen turbopump which could be ca t a s t roph ic .  The pass ive  sur face  t ens ion  screen  

approach f o r  p ropc l l an t  pos i t ion ing  i s  t h e  only reasonable  method f o r  t h e  s h u t t l e  

app l i ca t ion .  

p r a c t i c a l .  

o f f e r s  a high p r o b a b i l i t y  of s a t f s f y i n g  a l l  requirements;  however, t h e  design is  
unique and t h e r e  i s  not  s u f f i c i e n t  background on cryogenics t o  conclusively prove 

t h a t  i t  w i l l  s a t i s f y  requirements.  

wi th  the  tank w a l l s  and thus  h e a t  t r a n s f e r  t o  the  p rope l l an t  i n  t h e  containment 

c a v i t i e s  should be  near zero.  

p r i o r  t o  launch and i s  i n s t a l l e d  so t h a t  boost v i b r a t i o n  acce le ra t ions  w i l l  not  

a f f e c t  t h e  i n t e r f a c e  s t a b i l i t y .  

q u i t e  reasonable  and t h e r e  should be l i t t l e  d i f f i c u l t y  i n  obtaining e f f e c t i v e  pore 

s izes  t h a t  w i l l  give adequate containment c a p a b i l i t y ;  however, s i g n i f i c a n t l y  more 

Other devices  such as bladders ,  diaphragms, o r  bellows are not 
The cu r ren t  pos l t ion ing  subassembly design cons ie t ing  of r i n g  channels 

The r ing  channel des ign  has  only p o i n t  contac t  

The des ign  allows checkout of t h e  containment device 

With t h i s  approach, sc reen  size requirements are 

e f f o r t  w i l l  be requi red  t o  e s t a b l i s h  the  r ing  channel screen design and t o  demon- 

strate achievement of a s a t i s f a c t o r y  design. 

One of t h e  requirements of t h e  s torage  assembly i s  t o  provide a s torage  tank 

hea t  b a r r i e r  and cool ing t o  t h e  turbopumps which w i l l  be mounted i n  t h e  v i c i n i t y  

of t he  tanks.  The s i g n i f i c a n t  a r ea  i n  t h e  vent cool ing subassembly i s  turbopump 

cooling. 

t he  A P S  i s  a c t i v e ,  and t h i s  must be done i n  t h e  presence of two standby, ambient 

temperature,  tu rb ines  and one hot opera t ing  turb ine .  The conventional approach 

t o  pump chill-down i s  t o  c i r c u l a t e  p rope l l an t  through t h e  pump f o r  a short: per iod 

of t i m e  p r i o r  t o  s ta r t ,  
because of t he  number of starts and assoc ia ted  l a r g e  p rope l l an t  l o s s .  

d i t i o n e r  response t i m e  must be of  an o rde r  of l e s s  than a second o r  excess ive  

accumulator weight p e n a l t i e s  w i l l  r e s u l t .  

opera t ion  during the  s t a r t  t r a n s i e n t s  bu t  t he  s i ze  and weight are q u i t e  s e n s i t i v e  

t o  condi t ioner  response t i m e .  

f o r  a l l  of t h e  turbopumps. All heat  i n t o  t h i s  compartment i s  in t e rcep ted  by a 

cool ing loop. This design has been based on only prel iminary i n s t a l l a t i o n  lay- 

ou ts  and on prel iminary ana lys i s  of t h e  turbopump assembly hea t  t r a n s f e r  rates. 
The cur ren t  i n s t a l l a t i o n  arrangement r equ i r e s  a hea t  s h o r t  t o  the  veh ic l e  s t r u c t u r e  

t o  provide a conduction pa th  from t h e  tu rb ine  t o  the  s t r u c t u r e  and l i m i t  conduction 

These pumps must be kept  a t  l i q u i d  temperatures during a l l  times when 

However, t h i s  is not  acceptable  f o r  t h i s  app l i ca t ion  

The con- 

The accumulator i s  s i zed  t o  provide 

The cu r ren t  design provides an i s o l a t e d  compartment 

down the  s h a f t  and housing t o  t h e  pump end of t h e  turbopump assembly. G-3 
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G T ~ .  CONDITIONER ASSEMBLY TECHNOLOGY 

The cond i t ione r  assembly provides a l l  p re s su re  and thermal condi t loning 

The assembly i s  made up of t h e  of t h e  p r o p e l l a n t s  r equ i r ed  by t h e  t h r u s t e r s .  

turbopumps, t h e  p r o p e l l a n t  hea t  exchangers, t h e  gas gene ra to r ,  and t h e i r  a s soc ia t ed  

con t ro l s .  

turbopump design o f f e r s  t h e  b e s t  balance between o v e r a l l  subsystem performance and 

t h e  technology r isk involved with subsystem development. 

component, s p e c i f i c  technology areas t h a t  are of concern. Many of t hese  are 
i n t e r r e l a t e d  because of t h e  s t rong  interdependence of  component i n t e r f a c e s  b u t ,  

f o r  c l a r i t y ,  they are discussed under t h e  ind iv idua l  component headings below. 

As wi th  t h e  s t o r a g e  tank assembly, A P S  s t u d i e s  have shown t h a t  t h e  

There are, f o r  each 

The b a s i c  complexity of t he  component i n t e r f a c e s  i n  t h i s  assembly makes t h e  

performance of t h e  o v e r a l l  i n t e g r a t e d  assembly a technology concern. 

po in t  f o r  t h i s  concern i s  con t ro l  of t h e  assembly. As i d e n t i f i e d  previously,  

The f o c a l  

con t ro l  of p re s su re  and temperature i s  a mandatory requirement. APS s t u d i e s  t o  

da t e  have n o t  f u l l y  explored p o t e n t i a l  t o l e rances  w i t h i n  t h e  assembly, t h e  accuracy 

of sensors  and c o n t r o l s  no r  have they def ined t h e  t h r e e  sigma performance boundaries,  

For t h i s  reason, more d e t a i l e d  a n a l y s i s  of t h e  i n t e g r a t e d  assembly, i n  p a r a l l e l  w i th  

exploratory programs on t h e  s p e c i f i c  components, i s  a v i t a l  technology requirement. 
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G d .  TURBOPUMP TECHNOLOGY 

The turbopump assembly design i s  considered t o  be rea l i s t ic ;  however, t h e r e  

are several areas which push o r  exceed cu r ren t  technology l i m i t s  and t h e r e  are 

no t  s u f f i c i e n t  d a t a  t o  f u l l y  v a l i d a t e  the  c u r r e n t  component design and performance 

p r e d i c t i o n s .  Without quest ion,  t h e  turbopump i s  one of t h e  most c r i t i ca l  components 

i n  t h i s  assembly. 

There are t h r e e  primary areas of concern i n  t h e  turbopump assembly. 

(1) l i f e  c a p a b i l i t y  

(2) response 

(3) opera t ing  temperature of t h e  t u r b i n e  blades.  

L i f e  requirements f o r  t h e  turbopump are several o r d e r s  of magnitude above those  

of c u r r e n t  rocke t  engine turbopumps. Reductions i n  t h e  r equ i r ed  number of turbopump 

ope ra t ing  cyc le s  would r e s u l t  i n  a l a r g e  increase i n  subsystem weight,  since i n  o r d e r  

t o  l i m i t  ope ra t ing  cyc le s ,  t h e  accumulator would have t o  be enlarged. The design 

l i f e  requirements f o r  t h e  assembly are c u r r e n t l y  5000 ope ra t ing  cyc le s  over a 100 

mission v e h i c l e  l i f e .  Service l i f e  of  t h i s  o rde r  has been achieved i n  o the r  indus-  

tr ies with o t h e r  types of turbo-machinery. 

f a r  less s t r i n g e n t  i n  terms of the  a b i l i t y  t o  cool and/or l u b r i c a t e  t h e  components. 

To v e r i f y  t h a t  l i f e  p r e d i c t i o n s  are reasonable ,  s i g n i f i c a n t l y  more e f f o r t  i s  r equ i r ed  

i n  t h i s  area. 

These are: 

I n  general ,  t h e s e  a p p l i c a t i o n s  have been 

Almost a l l  previous turbopump a p p l i c a t i o n s  have provided a r e l a t i v e l y  slow pump 

spinup during which p rope l l an t  was b l e d  through t h e  u n i t  t o  provide cool ing and lub- 

r i c a t i o n .  I n  t h i s  a p p l i c a t i o n  f a s t  pump start times (less than one second) are man- 

datory and bea r ing  loads o r  wear induced by t h e s e  f a s t  s tart  t r a n s i e n t s  w i l l  have a 
s i g n i f i c a n t  impact on t h e  l i f e  c a p a b i l i t y  of t h e  u n i t .  

requirements would r e s u l t  i n  a l a r g e  i n c r e a s e  i n  subsystem weight s i n c e ,  when reduced, 

t h e  accumulators must be s i z e d  t o  s t o r e  a d d i t i o n a l  p rope l l an t  t o  supply t h e  thrus-  

ters during t h e  start  t r a n s i e n t .  The a c c e l e r a t i o n  levels f o r  pump spinup t h a t  are 
a v a i l a b l e  with a high p res su re ,  high torque t u r b i n e  are e n t i r e l y  adequate t o  provide 

t h e  response required.  

bear ings t o  respond t o  t h e  high s h a f t  a c c e l e r a t i o n  rates and t h e  r e s u l t a n t  e f f e c t  

on bear ing l i f e .  
The tu rb ines  are suppl ied with h o t  gas d i r e c t l y  from t h e  gas gene ra to r ;  thus 

t h e  t u r b i n e  b l ade  temperature i s  approximately 2000" Rankine. 

p o i n t  where almost all materials e x h i b i t  extreme s t r e n g t h  degradation wi th  small 

Reduction i n  response 

The p r i n c i p a l  concern i s  t h e  a b i l i t y  of t h e  cryo-lubed 

This i s  near  t he  
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changes i n  temperature. 

undes i rab le  f o r  t h e  assembly. 

t h i s  problem is f e a s i b l e ,  wi th in  l i m i t s ,  but  would result  i n  a somewhat higher sub- 

system bypass flow and increased  subsystem weight. The t rue  s ign i f i cance  cannot be  

f u l l y  assessed without an in-depth a n a l y s i s  of t h e  o v e r a l l  assembly t o  def ine  t u r b i n e  

In le t  temperature to l e rances  and t o  de f ine  t h e  accuracy of gas  genesator  c o n t r o l  i n  
maintaining turb ine  i n l e t  temperature. S i g n i f i c a n t l y  more d a t a  is also requi red  t o  
def ine  t h e  t r u e  e f f e c t  of temperature v a r i a t i o n s  on t u rb ine  blade l i f e  and t o  de f ine  

t h e  nominal l i f e  caTab.il i ty a t  t h e  design temperatures.  

Provis ion fox b lade  cool ing i s  q u i t e  complex and very  

Reduction i n  gas genera tor  temperature t o  alleviate 
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This component i s  the  most c r i t i c a l  a rea  i n  t h e  subsystem from a technology 

s tandpoint .  

ex tens ive  modif icat ions and extensions are required.  Act ively cooled f i n s  have 

been u t i l i z e d  previously on rocket  engine i n j e c t o r s  t o  maintain combustion s t a b i l i t y .  

An extension of t h i s  technology i s  appl icable  t o  the  hea t  exchanger as i s  previously 

developed regenera t ive ly  cooled engine chamber technology. 

concern a r e  pr imar i ly  t h e  a b i l i t y  t o  

Technology developed f o r  a s i m i l b r  app l i ca t ion  may be app l i cab le ,  bu t  

Areas of technological  

(1) a c t i v e l y  cool  t h e  s t r u c t u r e  and hea t  t r a n s f e r  sur faces  t o  maintain s t ruc -  

t u r a l  margins 

(2) provide s a t i s f a c t o r y  i g n i t i o n  and uniformity of combustion. 
6-4.1 Heat Transfer  and S t r u c t u r a l  Margins - Heat t r a n s f e r  i n  the  hea t  exchan- 

ger  is  a c r i t i c a l  technology from several s tandpoints .  

c u l a t e  and provide requi red  f i lm  c o e f f i c i e n t s  i s  not  a wel l -es tabl ished sc ience  and 

tests w i l l  be required t o  provide design da ta .  

exchanger can provide extremely high thermal stress loads and t h e  cyc le  l i f e  w i l l  

be adversely a f f ec t ed .  Third,  thermal shock loading i n  t h e  hea t  exchanger i s  severe 
because of t h e  very r ap id  response requi red  f o r  t h e  condi t ioner  assembly. 

thermal shock loading i n  conjunction wi th  t h e  requi red  number of opera t ing  cyc les  

provides an area of technological  concern. 

F i r s t ,  t h e  a b i l i t y  t o  cal- 

Second, t he  l a r g e  AT'S i n  t h e  hea t  

This 

G-4.2 Reigni t ion and Uniform Combustion - The requirement f o r  low pres su re ,  

low flow rate i n j e c t i o n  and recombustion i n  t h e  t u r b i n e  exhaust gas stream is unique 

and r ep resen t s  a technology area t h a t  regires development and a f e a s i b i l i t y  

demonstration. 

be s e n s i t i v e  t o  t h e  mixing e f f i c i e n c y  t h a t  can be obtained i n  t h e  s taged combustion 

region. Hot s t r e a k s  and uneven mixture r a t i o  d i s t r i b u t i o n  w i l l  degrade t h e  con t ro l  

c a p a b i l i t y  and thereby reduce performance and cyc le  l i f e  p o t e n t i a l .  

Control and heat t r a n s f e r  rates and metal w a l l  temperatures w i l l  

Re igni t ion  oE t h e  tu rb ine  exhaust gas a f t e r  m b l n g  wi th  supplemental oxygen 

is  accomplished by pre- igni t ion  of t h e  oxygen mixed wi th  a small amount of hydrogen 

p r i o r  t o  i n j e c t i o n  and mixing wi th  t h e  tu rb ine  exhaust.  The pre- igni t ion  concept 

i s  f a i r l y  w e l l  e s t ab l i shed  technology. 

previously been demonstrated i n  an Aerojet  Liquid Rocket Company sponsored program 

t o  eva lua te  an advanced combustion cyc le  f o r  oxygen/hydrogen engines.  

course of t h i s  program an oxygen r i c h  gas  genera tor  was  operated success fu l ly  a t  a 

mixture r a t i o  of approximately 1OO:l. 

One form of t h i s  i g n i t i o n  technology has  

During the 

G-7 
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G-5. GAS GENERATOR TECHNOLOGY 

A t  t h e  design ope ra t ing  temperature of 2000°R, t h e  gas generator  can be 

Considered a simple uncooled u n i t .  No problems are a n t i c i p a t e d  i n  t h e  development 

of t h i s  u n i t  from a thermal s tandpoint .  

appear reasonable and, i f  required,  cool ing can be provided with minimal complexity. 

Thermal f a t i g u e  i n  t h i s  assembly i s  no t  considered a s i g n i f i c a n t  technology problem. 

The p r i n c i p a l  concern i s  with t h e  gas generator  combustion temperature f l u c t u a t i o n s  

which w i l l  have a s i g n i f i c a n t  impact on t h e  l i f e  of t h e  tu rb ine  and t h e  r equ i r ed  

con t ro l  valves. 

flow and horsepower with v a r i a t i o n s  i n  i n l e t  p r o p e l l a n t  temperatures and p res su res .  

This l i nked  b i p r o p e l l a n t  valve must be both quick opening and provide t h r o t t l i n g  

c a p a b i l i t y  around t h e  open pos i t i on .  

modulation con t ro l  t o  t h e  oxygen valve i s  required i n  add i t ion  t o  t h e  o t h e r  

t h r o t t l i n g  requirements. 

t o  develop. 

Performance and i g n i t i o n  requirements 

Active v e r n i e r  con t ro l  valves are r equ i r ed  t o  maintain t u r b i n e  

Combustion temperature sensing and feedback 

This r e s u l t s  i n  a complex valve which may be d i f f i c u l t  

6-8 
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This subassembly consists of the gas storage accumulators, pressure regulators, 
propellant supply lines, and the thruster assemblies. The accumulator is a simple 
high pressure, aluminum pressure vessel. The concerns with this component are: 

(1) the number of pressure cycles (5000) that the unit shall be subjected 
to over a 100 mission life 

(2) the reusability of the high performance insulation on the accumulators 
and supply lines. 

Regarding the first of these, more information is required on the pressure cycle 
fatigue characteristics of aluminum at low temperature to confidently define the 
safety factors to be used for the design and hence the weight of the accumulators. 
With regard to insulation, the lines and accumulators are insulated with a multi- 
layer Mylar insulation similar to that used on the propellant tanks. Condensation 
effects during entry will have the same impact, however, this insulation is not as 
critical to A P S  performance as that on the tank and some degradation of insulation 
effectiveness could be allowed. Current expectations are that a flexible evacuated 
cover could be used around the insulation to avoid internal condensation. This 
arrangement would result in crushing cycles on the insulation within the atmosphere. 
In the extreme case, where insulation effectiveness becomes a more significant 
factor in A P S  performance and the multilayer type could not be made to operate 
satisfactorily, vacuum jacketing of the lines and accumulators, with the attendant 
weight increase, would be required. 
acteristics of HPI type insulation application is required technology for A P S  

development. 

More data on the crushing/condensation char- 

One of the concerns with this subassembly is the pressure regulators, The 
pressure regulators required must be capable of positive shutoff, high accuracy, 
high flow rate capability, and high cycle life. Mechanical regulators with the 
capacity, accuracy, and life required have not been developed previously for 
this type application with cryogenic propellants. Investigation of the capability 
of conventional mechanical regulators indicates the requirements are difficult to 
satisfy but probably can be achieved. The current A P S  design postulates a 
mechanical type regulator; however, a motor driven throttle valve for pressure 
regulation must also be considered. Preliminary analyses indicate that require- 

ments could also be satisfied with this approach and that response would be 

adequate. No such unit has been designed and data are not available to confirm 

G-9 
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t h i s  approach. 

i n i t i a t e d .  

an e l e c t r o n i c a l l y  c o n t r o l l e d ,  mgtor/valve approach. 

e f f o r t s ,  a f i n a l  s e l e c t i o n  of t h e  type o f  pres su re  con t ro l  could be made. 

Since t h i s  i s  t h e  case, a p a r a l l e l  technology e f f o r t  should b e  

One pa th  should concentrate  on mechanical r e g u l a t o r s  and t h e  second on 

Based on t h e  r e s u l t  of t h e s e  

G-10 
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The thruster assemblies were an obvious concern when emphasis was first 
given to gaseous oxygen/hydrogen A P S ,  and exploratory research programs were 
initiated by NASA on thruster development, ignition, cooling, and valves. To 
date these programs and the work of several propulsion companies have shown that 
ignition and performance goals can be relatively easily accomplished. Thruster 
cooling programs will aid in identification of design criteria and the type 
of cooling to be used for a prescribed cycle life. Valve development programs are 
not far along, but, based on design effort to date, A P S  requirements can be achieved 
without extreme difficulty. 
should stress certain aspects that have been identified by the A P S  studies to be 
significant. Specifically these are: 

Further effort applicable to the thruster assemblies 

(a) Thruster coolin&/life. The current A P S  thrusters use a combination of 
regenerative and film cooling. The chambers are regeneratively cooled 
with hydrogen to a nozzle expansion ratio of 11:1, 
nozzle is filmed cooled with hydrogen, Additional film cooling is also 
required in the chamber to supplement the regenerative cooling. 
approach was used to take advantage of the high performance of a regen- 
erative thruster while maintaining the ease of nozzle scarfing possible 
with a film cooled design. Two concerns exist with this approach. These 
are : 
(1) current thermal cycle forecasts for the thruster are approximately 

The remainder of the 

This 

50,000 cycles for 100 shuttle missions. These predicted values 
are subject to change as shuttle design progresses and alternate 
mission timelines are investigated. Inherent in regenerative 
thruster design is a high thermal gradient in the cooled wall. 
Thermal predictions show that gradients are compatible with the 
required fatigue life, but this has not been demonstrated. 

(2)  since the thrusters are completely buried within the vehicle (low 
radiation cooling), nozzle film cooling must be effective since 
nozzle temperatures would approach the combustion temperature 
during a steady burn. 

Calculation of film cooling effectiveness is approximate and boundary 
layer mixing could cause appreciable analysis errors. Significant 
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errors in the amount of film cooling required and life limitations 
could reduce performance to the point that the selection of a partial 
regenerative cooling approach may not be the best selection. Further 
research effort in the thruster cooling area must resolve these concerns. 

(b) Minimum Impulse Bit. In the present shuttle concept, the orbiter will 
remain docked to the space station during all extended stays in orbit. 
Under this mode of operation A P S  design is not highly sensitive to 
minimum impulse bit. If the method of operations is to maintain both 
spacecraft independently in a station keeping mode, then under these 
conditions, a very low minimum impulse bit delivery would be highly 
desirable. The most attractive means of reducing impulse are: 

(1) 
(2) 

The current approach to thruster design precludes the latter of these 
since the primary propellant valves are linked to a common actuator. 

to use the thruster igniter only 
to use hydrogen or oxygen as a monopropellant. 

Use of the igniter as an independent thruster, however, is a distinct 
possibility and should be investigated further in anticipation of the 
need for extended limit cycle operation. 

G-12 
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The a b i l i t y  t o  withstand one component f a i l u r e  b u t  r e t a i n  f u l l  mission capa- 

b i l i t i e s ,  and t h e  a b i l i t y  t o  withstand two component f a i l u r e s  b u t  re ta in  s u f f i c i e n t  

c o n t r o l  t o  ensure crew s u r v i v a l ,  are prime AF'S requirements.  

b i l i t i e s ,  an a n a l y s i s  of subsystem r e l i a b i l i t y  w a s  r equ i r ed .  

s i s t e d  o f :  

To achieve t h e s e  capa- 

This a n a l y s i s  con- 

(1) incorporat ing component redundancy i n t o  t h e  b a s e l i n e  subsystem design t o  

ensure r e l i a b i l i t y  

(2) analyzing f a i l u r e  modes of t h e  subsystem 

(3 )  eva lua t ing  b a s e l i n e  design r e l i a b i l i t y  on t h e  b a s i s  of f a i l u r e  mode 

a n a l y s i s  r e s u l t s .  

The following paragraphs d i s c u s s  t h e s e  analyses  and d e l i n e a t e  t h e  malfunction 

d e t e c t i o n  methods required.  

MeDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 
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3-1. GUIDELINES AND CONSTRAINTS 

To provide a b a s i s  f o r  r e l i a b i l i t y  analyses ,  t h e  following cr i ter ia  were 

e s t a b l i s h e d  : 

(1) s t r u c t u r e ,  such as l ines ,  tanks fittings, and s t a t i c  seals were assumed 

t o  have a r e l i a b i l i t y  of 1 . 0  

(2) t h r u s t e r s  w i l l  not  f a i l  i n  a c a t a s t r o p h i c  mode as long as p r o p e l l a n t s  are 

suppl ied a t  an acceptable  p re s su re  and mixture r a t i o  

(3) a shutoff  valve w i l l  n o t  f a i l  open p r i o r  t o  f i r s t  f l i g h t  o p e r a t i o n a l  cyc le ,  

and in te rna l  leakage w i l l  b e  of a magnitude which w i l l  no t  degrade subsystem 

ope ra t  i o n  

( 4 )  a "NORMALLY (OPEN" shutoff  valve w i l l  not  f a i l  c losed p r i o r  t o  f i r s t  f l i g h t  

o p e r a t i o n a l  c y c l e  

(5) l i q u i d  p r o p e l l a n t  s t o r a g e  tanks w i l l  no t  normally r e q u i r e  vent ing,  o t h e r  

than t h a t  necessary t o  s a t i s f y  t h e  thermodynamic vent ing requirement 

(6) t he  subsystem w i l l  be  considered o p e r a t i o n a l  up t o  t h e  po in t  a t  which one 

a d d i t i o n a l  f a i l u r e  j eopa rd izes  s a f e  mission completion 

(7) component e x t e r n a l  leakage can be v i r t u a l l y  e l iminated by s p e c i a l  a t t e n t i o n  

t o  component design d e t a i l s .  

considered i n  t h i s  s tudy except f o r  turbopump and hea t  exchanger leakage. 

Redundancy f o r  t h i s  f a i l u r e  mode w i l l  nQt be  

H-2 
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Figure H-1 presents the high pressure subsystem schematic with complete com- 
ponent redundancy for Orbiter B. 
are similar. 
duplicated, on the assumption that structural reliability is equal to 1.0. 
conditioner assembly incorporates two completely redundant assemblies for the two- 
failure fail-safe requirement. The remaining components are either doubly redun- 
dant, or are designed in such a manner that the function of a failed component can 
be met by another component, thus meeting A P S  requirements. 

Subsystem schematics for Orbiter C and the Booster 
Structural components such as tanks, accumulators, and lines are not 

The 

In general, the philosophy in implementing fail-operationallfail-safe redundancy 
is to provide triple redundancy where feasible. 
are provided for each pressure regulating function. 
conditioning assemblies are provided for each propellant loop. 
conditioning assembly fails, it is isolated and a new conditioning assembly is 
activated, 
lant valves, allowing individual isolation of a failed-open thruster. A second set 
of valves isolates each propellant manifold to provide isolation of a double thrus- 
ter valve failure and its individual isolation valve. Tanks, accumulators, lines 
and fittings were considered structure, and redundancy was not provided. 
H-1 depicts the depth of redundancy provided for each function, and shows the rela- 
tionship of each component's operation and failure to a successful and/or safe 
miss ion. 

Three parallel redundant regulators 
Three completely independent 

When the primary 

Each thruster has isolation valves in series with the thruster propel- 

Figure 

The analysis of the failure modes of this subsystem design schematic and the 
resultant reliability is discussed below. 

H-3 
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The e f f e c t  upon subsystem ope ra t ion  of component f a i l u r e  w a s  analyzed using two  
b a s i c  r e l i a b i l i t y  t o o l s ;  t h e  f u n c t i o n a l  flow diagram and t h e  f a i l u r e  mode and e f f e c t  

a n a l y s i s .  APS f u n c t i o n a l  flow diagrams are presented i n  Figure H-2, These diagrams 

d i sp lay ,  i n  a l o g i c a l  manner, t h e  r e l a t i o n s h i p  of  each component func t ion  and 

f a i l u r e  with t h e  completion of a success fu l  mission and/or a safe r e t u r n  from e a r t h  

o r b i t .  

f a i l - s a f e  f e a t u r e s  f o r  each component f a i l u r e  mode. 

These diagrams a l s o  e x h i b i t  t h e  depth of redundancy and t h e  f a i l - o p e r a t i o n a l /  

The o r b i t e r  APS w a s  divided i n t o  t h e  following f u n c t i o n a l  groups: 

(1) 
(2) p r o p e l l a n t  condi t ioning 

(3) 
( 4 )  prope l l an t  d i s t r i b u t i o n  and t h r u s t e r s .  

l i q u i d  p rope l l an t  s t o r a g e  and p r e s s u r i z a t i o n  

p rope l l an t  accumulation and p res su re  r e g u l a t i o n  

The flow diagrams f o r  a l l  f u n c t i o n a l  groups except p r o p e l l a n t  d i s t r i b u t i o n  and 

t h r u s t e r s  can b e  appl ied t o  a l l  veh ic l e s .  

i d e n t i c a l  f o r  t h e  f u e l  and t h e  o x i d i z e r ,  so t h a t  t h e  f u n c t i o n a l  flow diagram pre- 

sented i s  a p p l i c a b l e  t o  both.  The f u n c t i o n a l  flow diagrams f o r  p r o p e l l a n t  d i s t r i -  

bu t ion  and t h r u s t e r s  were s impl i f i ed  by consider ing t h e  success  and f a i l u r e s  of 

f u n c t i o n a l  groups of va lves  and t h r u s t e r s  r a t h e r  t han  i n d i v i d u a l  components. 

boos t e r  APS i s  schematical ly  t h e  same as t h e  o r b i t e r  APS except t h a t  t h e  booster  

A P S  does not i nco rpora t e  propuls ive ven t ing  of ho t  gas  from t h e  condi t loning assem- 
b l i e s  and s i n c e  p ropu l s ive  vent ing i s  not  r equ i r ed  f o r  s u c c e s s f u l  ope ra t ion  of t h e  

o r b i t e r  i t  w a s  excluded from t h e  flow diagrams. 

The f u n c t i o n a l  groups are schematical ly  

The 

Component f a i l u r e  modes shown i n  t h e  diagrams are gene ra l ly  "GO, NO-GO" type 

f a i l u r e  modes. 

grams. 

p o s i t i o n s  from f a i l u r e  i n  t h e  f u l l  open p o s i t i o n  down t o  the lowest leakage rate 

a f f e c t i n g  subsystem operat ion.  

No  attempt w a s  made t o  include degrees of f a i l u r e  i n  t h e  flow dia-  

For example, t h e  "FAIL OPEN" f a i l u r e  mode f o r  valves included a l l  valve 

A f u n c t i o n a l  group schematic is  presented wi th  each flow diagram t o  f a c i l i t a t e  

i n t e r p r e t a t i o n .  The component i d e n t i f i c a t i o n  numbers shown on t h e  schematic were 

a r b i t r a r i l y  assigned f o r  t h i s  s tudy t o  quickly i d e n t i f y  the component being d i s -  

cussed without  a lengthy component d e s c r i p t i o n .  

The f a i l u r e  mode and e f f e c t  a n a l y s i s  (FMEA) presented i n  Figure H-3 examines 
t h e  depth of redundancy provided f o r  each component f a i l u r e  mode c r i t i ca l  t o  a 
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ORBITER B PROPELLA P DISTRIBUTION 

- - - -THRUSTER GROUP A 
THRUSTER GROUP 8- - - 
ISOLATION VALVES 

ISOLATION VALVES 
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successful mission and/or vehicle and crew safety. 
review of the instrumentation required to detect inflight malfunctions by indicating 
those parameters which must be monitored to aid in failure detection and isolation. 
No attempt is made to design and instrument the subsystem or to define the depth of 
redundancy required for parameter sensing devices. 

It also provides a preliminary 

The FMEA is limited to the same component failure modes shown in the functional 
flow diagrams. 
analysis was further limited to those failure modes of primary components which 
affect normal subsystem operation. 
ing in the primary (top) path of the functional flow diagrams. 
ponents are discussed in the redundancy evaluation. 

In order to simplify the FMEA for a triple-redundant system, the 

Primary components are defined as those appear- 
The remaining com- 
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H-4. RELIABILITY EVALUATION 

To provide some measure of t h e  p o t e n t i a l  numerical r e l i a b i l i t y  of t h e  high 

p res su re  APS, estimates of ope ra t iona l  and f a i l - s a f e  p r o b a b i l i t i e s  of Success have 

been derived. 

H-4a. Figure H-4a shows t h e  p r o b a b i l i t y  of a zero f a i l u r e  mission and i n d i c a t e s  

t h a t  on an average, t h e  n e c e s s i t y  f o r  component replacement (maintenance ac t ion )  

can be  expected every f i v e  o r b i t e r  missions and every t h i r t y  boos t e r  missions due 

t o  i n f l i g h t  component ope ra t iona l  malfunctions.  The r e l i a b i l i t y  estimates were 

b a s i c a l l y  derived by applying the  component f a i l u r e  rates and duty cyc le s  l i s t e d  

i n  Figures H-5 and H-6 t o  t h e  subsystem func t iona l  flow diagrams. I n  some 

ins t ances ,  approximation techniques w e r e  used t o  compute t h e  estimates f o r  redun- 

dant and complex component groups. 

and subassembly design,  t h e  accuracy of t hese  approximations i s  w e l l  w i t h i n  t h e  

accuracy of t h e  f a i l u r e  rates used i n  t h e  a n a l y s i s .  Standby redundancy was con- 

s ide red  only f o r  t h e  cond i t ione r  assemblies.  It is probable t h a t  some t h r u s t e r s  

w i l l  be  h e l d  i n  standby; however, f o r  t h i s  a n a l y s i s ,  t h e  t h r u s t  cyc le  requirements 

f o r  each t h r u s t e r  l o c a t i o n  po in t  were assumed t o  b e  equal ly  divided between a l l  

t h r u s t e r s  a t  t h a t  l oca t ion .  

The r e s u l t s  of t h e s e  estimates are presented i n  Figures H-4 and 

I n  view of t h e  preliminary n a t u r e  of component 

The f a i l u r e  rates used i n  the analyses  were s e l e c t e d  a f t e r  a review of avail- 

a b l e  f a i l u r e  rate lists. 

b e  expected of these types of components. 

assigned t o  each component f a i l u r e  mode was  a judgement f i g u r e  based on a review 

Of a v a i l a b l e  f a i l u r e  da t a .  

mission t imel ine.  

duty cyc le s  because components are in  gene ra l  designed f o r  much more severe environ- 

ments than those encountered i n  a c t u a l  usage. 

They are r e p r e s e n t a t i v e  of t h e  f a i l u r e  rates t h a t  can 

The percentage of t h e  f a i l u r e  ra te  

Duty cyc le s  shown f o r  each component are f o r  a 72 hour 

Environmental and o p e r a t i o n a l  f a c t o r s  w e r e  n o t  appl ied t o  t h e s e  
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SHIFIU HIGH E E S S U R E  AUXILIARY PROPULSION Sl lBsYSTpl  

COMRlNENT IDlT CYCLES, FAILURE MODES, AND FAILURE RATES 

ORBITWS AND BOOSTER 

IDENTIFICATION 
NUMBERS MISSION FAILURE F A I L W  RATE SOURCE OF BASIC 

( SCH~WTIC) DUTY CYCLE MODE x 106 FAILURE RATE 
COIWONENT 
TYPE 

GAS GENBRATOR ORBITERS-0.66 HOUR 
BOOSTER-0.10 HOUR 

FAILS ‘IC FUNCTION AEROJET GETl2Ft.L C’lP?. 15TIfJATE lOOO/HOUR cc-1, GG-3 

cc-5 ORBITERS-0.20 HOUR 

BOOSTER-0.10 HOUR 
(=) 

0 ~ ~ 1 ~ ~ m . 0 . 6 6  HOUR 
BOOSTER-0.10 HOUR 

ORBITERS-0.20 Holm 
BOOSTER-0.10 HOUR 

7 6 5 1 ~ 0 ~ ~  

765/HOUR 

~O.O/CYCLE + 
5400/HOUR 
40.0/CYCLE + 
36OO/HOUR 

AEROJET GENEPAL CORP. ESTIMATE NEAT EXCHRNGER, 
RTCJR?! 

Hx-1, Hx-3 

HX- j 

TIP-1 ,  T I P - 3  

PROPELWINT LEAKAGE 

HOT CAS LERKAGE 

FAILS ’IC FUNCTION 

LEAKS EmEmaLLY 

CYCLIC - IDAC ESTIflATE 

HOUN,Y - AERCJET GEPTERAL CORP. E S T P A T E  

PUMP, CRYOGENIC, TURBINE 
DRIVE 

ORBITERS-50 CYCLES, 
0.66 H O W  
BOOSTER-16 CYCLES 
0.10 HOUR 

ORBITERS-15 CYCLES 
0.20 HOUR 

T I P - 5  

REENTRY 
BOOSTER-16 CYCLES 
0.10 HOUR 

FAILS OPEN 
FAILS CLOSED 

3O/HOUR 
11/HOUR 

NEGIGIBLE 

5.O/CYCLE 
7.5/CYCLE 

2.2lCYCLE 
O.l/CYCrn 

REGUMTOR, PRESSURE R-1, R - ? ,  R-5, R-7, R-9, R-11 

m2 TANK, LH2 TANK 

ALL THRUSTERS 

ORBITERS-72.0 R O W  
BOOSTER-0.1 HOUR 

72 HOURS FAILS TO MAINTAIN 
TEIPERA- COETROL 

TANK ASSmBLY, LIQUID 
PROPELLUT 

THRUST CHAMBER, 
REGENERATIVE COOLED 
(INCLUDING VALVES) 

SEE TABLE H-1 FAILS TO FUNCTION 
FAILS OPEN OR LEAKS 

ORBITERS-50 CYCLES 
8oOSTW-16 CYCLES 

FAILS OPEN 
F A D S  CMSED 

VALVE, CHECK 
HEAT EXCHANGER EXHAUST 

CV-1, CV-3 

C’J-: ORBITERS-15 CYCLES 
(HErnTFX) 

 BOOSTER-^^ CYCLES 

ORBITERS-50 CYCLES 
BOOSTER-16 CYCLES 

FAILS OPEN 
FALLS C M S D  

VALVE, CHECK, GAS, 
PIMPELmW, HIGH PRESSURE 

CV-19, CV-21, CV-25, CV-27 

cy-23, cv-29 

4.4 /CYCLE 
0.3 /CYCLE 

( V A X W < )  
S?AAI(PSVJ REu7532P.CH INSCITLT? E(EPO3T - 
CONTRACT XAS 7 - 7 5 1  GIVES %‘I10 FOR C-AS 
VS LIQUID CHECK VALVES ORBITERS-~~ CYCLES 

=RY 
BOOSTER-16 C Y C L E  

13.2 /CYCLE 
l.P/CYCLE 

VALVE, C W E ,  LIQUID 
PROPELLANT, HIGH PHESSm (i4AXmU.i x 3) ORBITEX-50 CYCLES 

BOOSTER-16 CYCLES 
FAIL5 OPEN 
FAILS CLOSED 

ORBITERS-13 CYCLES 
( r n N T R Y )  
 BOOSTER-^^ CYCLES 

4OlCYCLE + 

~OICYCLE + 
8 0 / H 3 w  

ZO/HOUR 

HOURLY-LTV W2CTROSYSTEW WTA CYCLIC - 
CONTRACT NAS 7-751 
STANFORD   SF ARCH INSTITUTE mmw - 
( ELECTROWI~~IICAL ACTUATOR) 

V-41, V-47 ORBITERS-50 CYCLE 

B O O S T W - ~ ~  CYCLES, 
0.66 HOUR 

0.10 HOUR 

FAILS OPEN 

FAILS CLOSED 

VALVE. TICWlTLING. B I -  

V-53 omm-a7 FICLFS; 

 BOOSTER-^^ CYCLES, 
0.20 HOUR 

0.10 HOUR 

NASA DATA - S.4- 
(SHUTOFF VALVES) 

ORBITERS-~O CYCLES, 
BOOSTER-16 CYCLES 

FAILS OPEC? 
F A I I S  CMSED 

VALVE S/O, MO’ICR DRIVEN OR 
PNEUMATIC ACTUATION 
ISOLATION 

V-33, V-37 

V-39 ORBITERS-15 CYCLES 
(=W) 
 BOOSTER-^^ CYCLES 

1 CYCLE 
(AS murm) 

V-5, V-35, AND ALT. THRUSTER 
GROW ISOLATION V A L W  

V-1, V-3, V-17, V-19, V-21  510/CYCLE 
100/CYCLE 

FA- - SATLIB&! 

THIOKOL C r n I c A L  co-. 
(SURVEYOR) 

NASA DATA - SRTIiRN 

VALVE, S/O, PNEUMATIC 
ACTUATION, FILL AND VE3lT 

1 CYCLE EACH F A m  OPEN 
FAILS CLOSED 

FAILS OPEN 
FAILS CIOSED 

FAILS OPEN 
FAILS CMSED 

8/CYCLE 
0.TTICYCLE VALVE, SOLENOID ACTUATED, 

HELIUM CONTROL 
v-7, V-9, V-11, V-13, V-15 
V-21. V-25 

V-45, V-51 

V-57 

1 CYCLE 
(AS FC%UIRED) 

VALVE, SOLENOID ACTUA’IZD 
PIMPELLANT CONTROL 

ORBITE€S-50 CYCLES 
mos~m-16 CYCLES 

om1~~~s-15 CY- 

BOOSTER-16 CYCLES 

1 CYCLE 
(As m m )  

5.81CYCLE . ~~ICYCLE 

V-59 V-61 v-63 V-65, V-67 
V-69’ V-75’ V-77’ V-79 V-81 
“-83: “-89: AND &RUST& ISOLTION 
V A L W  

V-85, V-87 

FAILS OPEN 
FAILS CLOSD 

FAILS OPEN 
F A I L 5  CLOSED 

VALVE, mrEF mssm 

(BURST DISK) 

NASA IATA - SA- 

STANFORD RESFARCH INSTITUTE 
CONTRACT NAS 7-751 
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DUTY CYCLE 
EACH THRUSTER 

500 CYCLES 

650 CYCLES 

10 CYCLES 

25 CYCLES 

295 CYCLES 

285 CYCUS 

600 CYCLES 

450 CYCLE3 

335 C Y C U S  

220 CYCLES 

25 CYCI;ES 

10 CYCLES 

100 CYcms 
40 CYCLES 

HIGH PRESSURE APS 

AVERAGE THRUSTER D U m  CYCLE/MISSION 
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H-5.  RESULTS 

The a b i l i t y  of t h e  A P S  t o  m e e t  t h e  one f a i l u r e  ope ra t iona l ,  f a i l u r e  s a f e  re- 

quirements are presented below. Included i s  t h e  A P S  operat ion desc r ip t ion  a f t e r  

component f a i l u r e ,  t h e  numerical r e l i a b i l i t y  of t h e  A P S ,  and t h e  malfunction 

de tec t ion  methods. 

The following assumptions were used i n  t h e  eva lua t ion  and must be considered 

when comparing t h e  est imated r e l i a b i l i t y  of t h i s  subsystem b a s e l i n e  t o  t h e  esti- 

mated r e l i a b i l i t y  of another subsystem. 

(1) component e x t e r n a l  leakage w i l l  no t  degrade subsystem opera t ion  o r  

s a f e t y  and, t he re fo re ,  i s  not  included i n  t h i s  estimate 

f a i l u r e  sensing and switching r e l i a b i l i t y  is  equal  t o  1 .0  (2)  
(3) s t r u c t u r a l  r e l i a b i l i t y  of tanks ,  l i n e s ,  s t a t i c  seals, e t c . ,  is  equal  

t o  1.0 

t h e  non-operating f a i l u r e  rate f o r  APS components w i l l  not  be  s i g n i f i c a n t ,  ( 4 )  

H-28 
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The foregoing analyses  i n d i c a t e  t h a t  t h e  b a s e l i n e  A P S  design presented i n  t h i s  

r e p o r t  w i l l  meet t h e  redundancy requirements with component e x t e r n a l  leakage and 

s t r u c t u r a l  f a i l u r e  excluded. This i s  dependent, however, upon i n t e g r a t i o n  wi th  an 

instrumentat ion subsystem and guidance and con t ro l  subsystem capable of using t h e  

component redundancy incorporated i n  t h e  b a s e l i n e .  

One area of concern i s  t h e  O r b i t e r  B p i t c h  and yaw t h r u s t e r s .  A prel iminary 

a n a l y s i s  i n d i c a t e s  t h a t  f a i l u r e  of s e l e c t e d  p a i r s  of p i t c h  and r o l l  t h r u s t e r s  could 

create undes i r ab le  con t ro l  moments during r een t ry .  

however, an in-depth subsystem c o n t r o l  a n a l y s i s  i s  r equ i r ed  t o  ensu re  t h a t  t h e  

p re sen t  conf igu ra t ion  w i l l  perform adequately.  A s i m p l i f i e d  s o l u t i o n  t o  t h i s  poten- 

t i a l  problem i s  t o  add a n  a d d i t i o n a l  f o u r  t h r u s t e r s  a t  t h e  p i t c h - r o l l  l o c a t i o n  

e i t h e r  i n  t h e  forward o r  a f t  v e h i c l e  p o s i t i o n s .  

These probably can b e  t o l e r a t e d ;  
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The r e l i a b i l i t y  estimates presented i n  Figure H-4 i n d i c a t e  t h a t  t h e  b a s e l i n e  

design o f f e r s  high p o t e n t i a l  r e l i a b i l i t y  f o r  bo th  o r b i t e r  and booster  a p p l i c a t i o n .  

Attaining t h e s e  high r e l i a b i l i t i e s  is  dependent upon sensing and switching capa- 

b i l i t y  which can d e t e c t  and i s o l a t e  f a i l u r e s ,  e s p e c i a l l y  those f a i l u r e s  which could 

cause o v e r s t r e s s  and/or over-temperature condi t ions leading t o  s t r u c t u r a l  f a i l u r e  of 

components. These c r i t i ca l  areas are discussed below. 

The r e l a t i v e l y  low f a i l - s a f e  r e l i a b i l i t y  of Orb i t e r  B i s  due t o  t h e  p o t e n t i a l  

c o n t r o l  problem as soc ia t ed  with t h e  p i t c h - r o l l  t h r u s t e r s  which w a s  charged a g a i n s t  

t h e  f a i l - s a f e  r e l i a b i l i t y .  
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The c r i t i c a l  malfunction monitoring l o c a t i o n s  i n  t h e  APS are i n  t h e  areas where 

a malfunction could cause a s t r u c t u r a l  f a i l u r e  due t o  o v e r s t r e s s  and/or overtemp- 

e r a t u r e .  The gas gene ra to r s ,  turbopumps, reburn h e a t  exchangers, and t h r u s t e r s  are 

c r i t i ca l  areas. 

H-8.1 Gas Generators - The c r i t i c a l  condi t ions i n  t h e  gas generators  are o v e r  

temperature during combustion due t o  improper mixture r a t i o  caused by v a r i a t i o n s  i n  

i n l e t  pressure and/or temperature o r  by oxygen leakage i n t o  t h e  chamber p r i o r  t o  

i g n i t i o n .  

provides a degree of c o n t r o l  aga ins t  improper mixture r a t i o .  

which monitors temperature and provides a v e r n i e r  c o n t r o l  t o  t h e  oxygen valve w i l l  

f u r t h e r  p r o t e c t  aga ins t  normal v a r i a t i o n s  i n  p rope l l an t  p re s su res .  Oxygen leakage 

i n t o  t h e  gas generator  p r i o r  t o  commanded i n i t i a t i o n  could r e s u l t  i n  a n  excessively 

h o t  start.  

s i n c e  i t  may b e  more advantageous t o  a s s u r e  t h a t  leakage w i l l  no t  occur than t o  

r e q u i r e  a d e t e c t i o n  method. 

The t h r o t t l i n g  c a p a b i l i t y  of t h e  vernier gas  generator  p rope l l an t  valves 

A feedback c o n t r o l  

Backup shut-off valves can be provided t o  prevent oxygen leakage 

This backup oxygen i s o l a t i o n  va lve  can a l s o  be  used t o  prevent flow t o  t h e  

reburn hea t  exchanger and provide a backup shut-off c a p a b i l i t y  f o r  t h i s  component. 

H-8.2 

component. 

t h e  gas gene ra to r  and pump s u c t i o n  valves .  Other turbopump malfunctions w i l l  be  

evidenced by subsystem performance l o s s  (p r imar i ly  lower pump discharge p res su re  

and/or flow) and are no t  c r i t i ca l  malfunctions.  

Turbopumps - Turbopump overspeed i s  t h e  c r i t i ca l  cond i t ion  f o r  t h i s  

The speed and speed rise rate w i l l  be monitored and used t o  c o n t r o l  

€1-8.3 Reburn Heat Exchangers - The c r i t i ca l  cond i t ion  f o r  t h e  h e a t  exchanger 

is  over-temperature due t o  a n  oxygen-rich mixture r a t i o .  This can be caused by oxy- 

gen being p resen t  i n  t h e  h e a t  exchanger a t  i g n i t i o n  due t o  valve leakage during non- 

use  pe r iods ,  o r ,  i n  t h e  case of oxygen, h e a t  exchanger i n t e r n a l  leakage from t h e  

p r o p e l l a n t  c o i l s  anytime. 

gen i n l e t  valve w i l l  be provided f o r  t h e  reburn h e a t  exchangers. 

over-temperature during ope ra t ion .  Oxygen leakage during non-use pe r iods  can be  

prevented wi th  t h e  same valves used t o  i s o l a t e  t h e  gas generator  oxygen supply 

during non-use per iods.  

d i f f u s e  out  t h e  v e n t ,  and va lve  sequencing w i l l  delay a d d i t i o n  t o  t h e  t u r b i n e  

exhaust gases  u n t i l  t h e  flow i s  p a r t i a l l y  e s t ab l i shed .  

Over-temperature sensors  and feedback c o n t r o l  t o  the oxy- 

This w i l l  prevent 

Minor amounts of O2 leakage may b e  t o l e r a t e d  s i n c e  it w i l l  

Temperature senso r s  i n  t h e  
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h e a t  exchanger w i l l  b e  used t o  shutdown and i s o l a t e  t h e  e n t i r e  cond i t ione r  assembly 

before  t h e  temperature reaches a cr i t ical  level. 

H-8.4 Thrust Chambers - Linked p rope l l an t  t h r u s t e r  valves provide mixture 

r a t i o  and sequencing c o n t r o l  f o r  t h e  t h r u s t e r s .  

use pe r iods  generates  t h e  only c r i t i c a l  malfunction d e t e c t i o n  monitoring require-  

ment. Minor leakage p r e s e n t s  no problems because of d i f f u s i o n  out  of t h e  chamber 

i n  o r b i t .  

t h e  APS p rope l l an t  d i s t r i b u t i o n  subassembly during non-use per iods.  

Poss ib l e  f u e l  leakage during non- 

Major amounts of leakage can be  de t ec t ed  by monitoring p res su re  decay i n  
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A l l  r e l i a b i l i t y  analyses  assumed t h a t  a l l  s t r u c t u r a l  components were f a i l u r e  

free. S t r u c t u r e  does n o t  have a r e l i a b i l i t y  of 1 .0  as assumed; t h e r e f o r e ,  one 

t a s k  of t h i s  s tudy w a s  t o  i n v e s t i g a t e  ways of i nc reas ing  subsystem r e l i a b i l i t y  by 

adding s t r u c t u r a l  redundancy. 

t u r a l  redundancy were i n v e s t i g a t e d  f o r  t h e  APS. 

Various methods and degrees of i nco rpora t ing  s t r u c -  

S t r u c t u r a l  redundancy a l r eady  exists i n  t h e  following areas as a r e s u l t  of 

providing func t iona l  redundancy. 

(1) condi t ioner  assemblies - t h r e e  completely independent condi t ioner  

assemblies are incorporated i n  each p rope l l an t  loop. A s t r u c t u r a l  

f a i l u r e  (nondestruct ive t o  surrounding equipment) w i t h i n  a condi t ioning 

assembly can be  i s o l a t e d  completely. 

p rope l l an t  d i s t r i b u t i o n  - because provis ion has been incorporated t o  

provide i s o l a t i o n  f o r  each t h r u s t e r  i n d i v i d u a l l y ,  and a l s o  t o  f u r t h e r  

i s o l a t e  by groups, t h e  Subsystem i s  p ro tec t ed  against: s t r u c t u r a l  f a i l -  

u r e  i n  many l i n e s  and f i t t i n g s  as a r e s u l t  of p r o t e c t i o n  a g a i n s t  

t h r u s t e r  leakage. 

(2) 

If t h e  accumulators were implemented as two p res su re  vessels in s t ead  of one w i t h  

equal  volumes then redundancy could be  achieved wi th  l i t t l e  o r  no weight penal ty .  

However, both accumulators would be used continuously and f a i l u r e  sensing and 

switching would be  required.  In  o rde r  t o  a l l e v i a t e  t h i s  requirement and hold one 

accumulator i n  reserve ( a s  a s p a r e ) ,  t h e  weight pena l ty  would be  679 and 321 

pounds f o r  O r b i t e r  B hydrogen and oxygen, r e spec t ive ly .  

menting redundant accumulators would be  t o  u t i l i z e  small accumulators capable of 

supplying only enough p r o p e l l a n t  t o  a l low t h e  condi t ioner  assembly to star t .  

Another method of imple- 

The implementation of a d d i t i o n a l  l i n e s  t o  t h e  t h r u s t e r  manifolds from t h e  

p re s su re  r e g u l a t o r s  downstream of t h e  accumulators provides  a s i g n i f i c a n t  degree 

of redundancy. Also,  redundant manifolds and valves which allow i s o l a t i o n  and 

switching r e q u i r e s  approximately a n  a d d i t i o n a l  200 pounds of l i n e s  

and valves .  

I f  t h e  r e t rog rade  p r o p e l l a n t  were separated from t h e  main p rope l l an t  supply 

and s t o r e d  i n  a s e p a r a t e  t ank  along with independent p r e s s u r i z a t i o n ,  t h e  weight 

pena l ty  would b e  i n  t h e  o rde r  of 100 l b s ,  as shown i n  Figure H-7. The s e p a r a t e  

p r o p e l l a n t  s t o r a g e  does n o t  i ncu r  weight p e n a l t i e s  i n  t h e  tank,  however, a d d i t i o n a l  
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pres su r i za t ion  l i n e s  and r e g u l a t o r s ,  tank suppor ts ,  and nonusable p rope l l an t  

account f o r  t h e  ind ica ted  weight penal ty .  

Providing redundant r e t rog rade  propel lan t  does,  however, incur  a s i g n i f i c a n t  

weight pena l ty  s i n c e  a d d i t i o n a l  p rope l l an t  and assoc ia ted  tankage and preasur iza-  

t i o n  i s  required t o  provide t h i s  c a p a b i l i t y .  

10,000 pounds. 

The incurred penal ty  i s  above 

One s i n g l e  po in t  s t r u c t u r e  is  t h e  l i n e  from the  p rope l l an t  tank t o  t h e  condi- 

t i o n e r  assembly. This l i n e  then s p l i t s  t o  t h e  3 turbopump i n l e t e .  Adding redun- 

dant  l i n e  and va lves  f o r  both hydrogen and oxygen incu r s  a weight pena l ty  of 

approximately 30 pounds. 

One of t h e  methods inves t iga t ed  t o  implement s t r u c t u r a l  redundancy w a s  t o  

u t i l i z e  separated re t rograde  p rope l l an t ,  a small second accumulator, and connect 

one of t h e  t r i p l e  redundant condi t ioner  assemblies with these  components. 

conf igura t ion  i s  shown i n  Figure H-8.  

not  been inves t iga t ed  i n  d e t a i l .  

This  

The opera t ion  of t h i s  conf igura t ion  has  
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